Population Genetics of Antarctic Seals by Curtis, Caitlin
University of South Florida 
Scholar Commons 
Graduate Theses and Dissertations Graduate School 
7-17-2009 
Population Genetics of Antarctic Seals 
Caitlin Curtis 
University of South Florida 
Follow this and additional works at: https://scholarcommons.usf.edu/etd 
 Part of the American Studies Commons 
Scholar Commons Citation 
Curtis, Caitlin, "Population Genetics of Antarctic Seals" (2009). Graduate Theses and Dissertations. 
https://scholarcommons.usf.edu/etd/1918 
This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has 
been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar 
Commons. For more information, please contact scholarcommons@usf.edu. 
 
 
 
 
 
 
Population Genetics of Antarctic Seals 
 
 
 
by 
 
 
 
Caitlin Curtis 
 
 
 
 
 
A dissertation submitted in partial fulfillment 
of the requirements for the degree of 
Doctor of Philosophy 
Department of Biology 
College of Arts and Sciences 
University of South Florida 
 
 
 
Major Professor:  Earl McCoy, Ph.D. 
Stephen A. Karl, Ph.D. 
Henry Mushinsky, Ph.D. 
Brent Stewart, Ph.D. 
Valerie Harwood, Ph.D. 
 
 
Date of Approval: 
July 17, 2009 
 
 
 
Keywords:  ZFX, ZFY, Leptonychotes weddellii, mitochondrial DNA, microsatellites, Y 
chromosome 
 
© Copyright 2009, Caitlin Curtis 
 
 
 
 
 
Acknowledgments 
 
As with the majority of large-scale projects, this work could not have been 
completed without the assistance of many people.  I would like to extend the lion’s share 
of thanks to Dr. Stephen A. Karl, my major advisor, who brought me a new 
understanding of population genetics and did so with enthusiasm and a purple marker.  
Dr. Brent Stewart provided samples and advice.  Thank you to Drs. Earl McCoy, Henry 
Mushinsky and Valerie Harwood for serving on my committee.  This project involved a 
great deal of laboratory analyses which could not have been accomplished without the 
support and friendship of fellow graduate students, including Dr. Anna Bass, Dr. Ken 
Hayes, Dr. Emily Severance, Tonia Schwartz, Andrey Castro, and Cecilia Puchulutegui.  
Dr. Scott Lynn provided unflagging support and advice, regardless of the hour of day or 
relevancy of the question.  Jose and Corinne Bello provided logistical support in the form 
of a place to work and an unlimited supply of chips, printer paper and lounge music. 
Cecilia Puchulutegui and Hugo Montiel provided asado when my plate was empty. Marc 
Dahl gave me a good shove when I needed it, and Bob and Janis Gallo demonstrated how 
it all can come together, preferably with a good bottle of Chateauneuf-du-Pape.   I thank 
my parents, Nancy Curtis and Al Kott, and my brother Chris Curtis.  In life, as in biology, 
sometimes the most important driving forces are not the largest or most obvious.  Size 
doesn’t always matter.  I give thanks to and for my son Julian, who led me by the hand to 
a renewed enthusiasm for biology when I began to wonder where mine had gone, and my 
daughter Brune, who taught me about hope when I thought it was lost.
i 
 
 
Table of Contents 
 
 
List of Tables   iii 
 
List of Figures   iv 
 
Abstract    v 
 
Chapter 1: Introductory Remarks 1 
 
Chapter 2: Sexing Pinnipeds with ZFX and ZFY Loci  6 
 Introduction  6 
 Methods  8 
 Results and Discussion  11 
 Acknowledgements 17 
 
Chapter 3: Pleistocene Population Expansions of Antarctic Pack-Ice Seals  21 
 Introduction   21 
 Methods   26 
  Samples  26 
  Genetic Methods  26 
  Sequence and Population Analyses 27 
 Results  29 
  MtDNA Variation 29 
  Effective Population Size 30 
  Demographic History of Antarctic Pack-Ice Seals 31 
 Discussion  32 
 Acknowledgements 42 
 
Chapter 4: Autosomal and Sex-linked Patterns of Genetic Partitioning  
 Among Three Species of Antarctic Seals 49 
 Introduction  49 
 Methods   55 
  Samples 55 
  Laboratory methods 56 
ii 
 
   Autosomal and X-linked Microsatellites 56 
   Y Chromosome Sequences 57 
   Data Analyses 59  
 Results   61 
  Microsatellites  61 
  Y Chromosome Variation 63 
 Discussion   64 
 Acknowledgements 78 
 
Chapter 5: Conclusion 84 
 
References    88 
 
Appendices    113 
 Appendix 1: Among species variability in the ZFX gene 114 
 Appendix 2: Among species variability in ZFY gene 115 
 Appendix 3: DBY8 Sequence variable sites 116 
 Appendix 4: UTY11 Sequence variable sites 117 
 
About the Author                                                                                                       End Page
  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
 
List of Tables 
 
 
Table 2.1 Primer sequence, annealing temperature, and fragment size for loci  
 used in ZYX / ZFY screening 18 
 
Table 2.2 Summary of sex determination in pinnipeds 19 
 
Table 3.1 Genetic diversity and female effective population sizes in 
 pack ice seals 43 
 
Table 3.2 Estimation of sudden population expansion in Antarctic seals 44 
 
Table 4.1 The number of individuals (N), expected (Hexp) and observed (Hobs) 
heterozygosities, and number of alleles (A) seen at microsatellite  
 loci in three Antarctic pack-ice seals 79 
 
Table 4.2 Autosomal θF estimate (Xu and Fu 2003) and the genetically  
 effective population size (NEA = 
θF
4μ , and SD) for microsatellie loci  
 surveyed in pack-ice seals 80 
 
Table 4.3 Estimates of genetically effective population sizes and the ratio of  
 NE to census size (in parentheses) for maternally, paternally, and  
 biparentally inherited loci in pack-ice seals based on θF (Xu and  
 Fu 2003) or Θ as estimated using the program LAMARC  
 (Kuhner 2006). 81 
 
Table 4.4 Observed and expected microsatellite heterozygosities of seals.   82 
 
 
 
 
 
 
 
iv 
 
 
List of Figures 
 
 
Figure 2.1. Map of the Antarctic continent showing area from which samples  
 were collected 20 
 
Figure 3.1. Map of the Antarctic continent showing area from which samples  
 were collected 45 
 
Figure 3.2a. Mismatch distribution for Weddell seals 46 
 
Figure 3.2b. Mismatch distribution for crabeater seals 47 
 
Figure 3.2c. Mismatch distribution for Ross seals 48 
 
Figure 4.1. Map of the Antarctic continent showing area from which samples  83 
 were collected 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
 
Population Genetics of Antarctic Seals 
Caitlin Curtis 
 
ABSTRACT 
 
I developed and tested a protocol for determining the sex of individual pinnipeds using the 
sex-chromosome specific genes ZFX and ZFY. I screened a total of 368 seals (168 
crabeater, Lobodon carcinophagus; 159 Weddell, Leptonychotes weddellii; and 41 Ross, 
Ommatophoca rossii) of known or unknown sex and compared the molecular sex to the sex 
assigned at the time of collection in the Ross and Amundsen seas, Antarctica.  
Discrepancies ranged from 0.0% – 6.7% among species. It is unclear, however, if mis-
assignment of sex occurred in situ or in the laboratory.  It also is possible, however, that the 
assigned morphological and molecular sex both are correct, owing perhaps to 
developmental effects of environmental pollution.   
I sequenced a portion (ca 475 bp) of the mitochondrial control region of Weddell seals (N = 
181); crabeater seals (N = 143); and Ross seals (N = 41).  I resolved 251 haplotypes with a 
haplotype diversity of 0.98 to 0.99.  Bayesian estimates of Θ from the program LAMARC 
ranged from 0.075 for Weddell seals to 0.576 for crabeater seals. I used the values of 
vi 
 
theta to estimate female effective population sizes (NEF), which were 40,700 to 63,000 for 
Weddell seals, 44,400 to 97,800 for Ross seals, and 358,500 to 531,900 for crabeater seals.  
Weddell seals and crabeater seals had significant, unimodal mean pairwise difference 
mismatch distributions (p = 0.56 and 0.36, respectively), suggesting that their populations 
expanded suddenly around 731,000 years ago (Weddell seals) and around 1.6 million years 
ago (crabeater seals). Both of these expansions occurred during times of intensified 
glaciations and may have been fostered by expanding pack ice habitat. 
Autosomal microsatellite based NEs were 147,850 for L. Weddellii, 344,950 for O. rossii, 
and 939,600 for L. carcinophagus.  I screened one X-linked microsatellite (Lw18), which 
yielded a larger NE estimate for O. rossii than the other two species.  Microsatellite NE 
estimates are compared with previously published mitochondrial NE estimates and this 
comparison indicates that the Ross seal may have a serially monogamous system of mating.  
I find no sign of a recent, sustained genetic bottleneck in any of the three species.
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Chapter 1: Introductory Remarks 
 
 Population size and endurance may be positively correlated, as larger populations 
often maintain larger amounts of genetic variability allowing for continual adaptation to 
changing environmental and biotic conditions (e.g., Hansson and Westerberg, 2002; Reed 
and Frankham 2003). Quantifying population sizes, however, may be difficult in species 
inhabiting logistically inaccessible aquatic Antarctic pack-ice and fast-ice habitats.  In 
addition, simple counts of individuals may not accurately reflect the numbers of 
individuals contributing genetic information to subsequent generations, thus the long 
term genetic variability maintained within a population.  Effective population size (NE), 
as defined by Sewall Wright (1931) describes the number of individuals in an ideal 
population that would show the same dispersion of allele frequencies as the observed 
population. Estimates of NE are often different (usually lower) than census size due to 
large variances in individual reproductive success, population size changes across 
generations, non-random systems of mating (e.g., polygeny and polyandry), and unequal 
sex ratios.  When considering evolutionary processes, NE is more important than a 
population count because NE represents the actual numbers of individuals that commonly 
contribute to each generation over the long term.  Here, I estimate genetic effective 
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population sizes of three of the four phocid carnivores that live in the seasonal fast ice 
and pack ice habitats of the western Amundsen and Ross seas in west Antarctica.  These 
seals occupy important niches in the notoriously short Antarctic marine food web. 
Due to their isolation around the Antarctic continent, Antarctic phocid seals have 
large population sizes and have persisted relatively free from anthropogenic disturbances.  
In addition, they are closely related, yet employ varying long-term mating strategies.  My 
research focused on three species of Antarctic phocid seals.  The Weddell seal, 
Leptonychotes weddellii, (Lesson 1826), named after the British sealing commander Sir 
James Weddell, tends to inhabit the land-fast ice surrounding the Antarctic continent.  
Adults are brown, lighter ventrally, and mottled with large darker and lighter patches, 
which tend to be silvery white on the ventral surface.  Males can grow up to 2.9 m in 
length, whereas females may reach about 3.3 m, weighing around 400-600 kg (Jefferson 
et al. 1993).  Weddell seals have a varied diet, consisting primarily of fish and 
cephalopods such as squid and octopi (Plotz et al. 1991), and are known to forage 
occasionally on Antarctic krill (Euphausia superba). Conversely, Weddells and most 
other seals become prey items of orcas (Orcinus orca).  Leopard seals (Hydrurga 
leptonyx) are also known to feed on pups and subadults.  Males use their large canine 
teeth to maintain breathing holes in the ice, and actively defend the three-dimensional 
surrounding territory (Kaufman et al. 1975, Bartsh et al. 1992), though prolonged 
scraping at the ice may wear teeth down to the pulp cavity over time, leading to mortality 
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(Stirling 1969).  Weddell seals have a moderately polygynous breeding system, in which 
males may mate with as many females as may share his breathing hole (Gelatt et al. 
2000).  The Weddell seal is known for its very deep dives which may reach 700m, and 
may stay underwater for more than 60 minutes (Kanatous et al. 2002).  Such deep dives 
typically involve foraging sessions (Mitani et al. 2004), as well as searching for cracks in 
the ice sheets that can lead to new breathing holes. The seal is thought to be able to 
remain submerged for such long periods of time in part due to low levels of aerobic lipid-
based muscle metabolism (Kanatous et al. 2002). 
 The crabeater seal, Lobodon carcinophagus (Hombron and Jacquinot 1842), uses 
its highly specialized multilobed teeth to strain Antarctic krill (Euphausia superba), 
which form the majority of its diet (Laws 1977).  Despite its name, the crabeater seal 
does not feed on crab.  Dark yellowish brown to silvery grey, which is lighter ventrally, 
they have slender bodies and long muzzles (Jefferson et al. 1993).   Crabeater seals are 
somewhat sexually dimorphic in size, with males up to 2.6 m and females 2.8 m (Laws et 
al. 2003).  In late summer (i.e., post-breeding season) when surveys have been 
conducted, they are generally found near the outer edges of the pack ice. Crabeater seals 
are thought to be serially monogamous, whereby one males mates with a single female 
within a breeding season, though not necessarily the same female between seasons 
(Stirling 1983).  Population size has been estimated at 7 to 15 million individuals (Laws 
1977, Erickson and Hanson 1990) and the circumpolar population appears to be 
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panmictic with no indication of geographically localized breeding groups (Davis et al. 
2000, 2008). 
 Relatively little is known about the Ross seal, Ommatophoca rossii (Gray 1844).  
Ross seals reach more than 2.4 m and 204 kg (Jefferson et al. 1993), making them the 
smallest of the Antarctic phocids, though females are usually slightly larger than males.  
Countershaded, they are dark grey dorsally and silvery grey underneath, often with brown 
or reddish brown stripes on the neck, sides and chest (Jefferson et al. 1993).  They appear 
to be solitary, and utilize the stable ice floes on the exterior of the pack ice to molt, while 
they give birth on the more densely packed interior pack ice (Splettstoesser et al. 2000, 
Stewart 2007).  Though they have a circumpolar distribution, higher numbers may be 
found in the Ross Sea, King Haakon VII Sea, and perhaps portions of the western 
Weddell Sea (Stewart 2007).  Ross seals may spend much of the rest of their time to the 
north of the pack ice, alone in the open water (Stewart 2007).  The mating system of this 
species is not known. 
 My research comprises four main elements, which have been organized into three 
chapters.  Chapter one (Sexing Pinnipeds with ZFX and ZFY Loci) focuses on developing 
and testing a protocol for genetically determining the sex of pinnipeds in the laboratory 
through developing and employing sex-chromosome specific genetic markers located in 
the zinc-finger protein regions of the X and Y chromosomes (ZFX and ZFY, 
respectively).   Presence of the Y chromosome specific ZFY marker, as determined by 
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presence of a PCR amplicon of the corresponding size, indicated a male tissue sample, 
whereas absence of the ZFY marker indicated a female sample.  Laboratory confirmation 
of the sex of each seal sample was critical to the sex-specific analyses in later chapters.  
Genetic data were compared to the sex of the animals as it was described in situ upon 
collection.  Chapter two (Pleistocene Population Expansions of Antarctic Pack-Ice Seals) 
uses mitochondrial DNA sequence data to estimate the current distribution of genetic 
variation among the three species of seals, which is in turn used to estimate female 
effective population size and long term population stability and demography.  Chapter 
three (Autosomal and sex-linked patterns of genetic partitioning among three species of 
Antarctic seals) used nine autosomal DNA microsatellites and one X-linked 
microsatellite to estimate the current distribution of genetic variation among the three 
species of seals, which in turn was used to estimate total effective population sizes.  
Autosomal and X-linked effective population sizes were compared to the mitochondrial 
estimates from Chapter two, as well as previously published census estimates.  The 
microsatellite data were also used to look for evidence of past genetic bottleneck events.  
Y chromosome data is presented in this chapter. 
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Chapter 2: Sexing Pinnipeds with ZFX and ZFY Loci 
 
Introduction 
 
The ability to accurately and reliably identify the sex of free-ranging animals is 
essential for estimating sex ratios, categorizing behavioral observations, and 
understanding almost every aspect of an animal’s life history. For many species, it may 
be relatively easy to distinguish between adult males and females if they are sexually 
dimorphic in size or color.  Distinguishing subadult or juvenile males from females, 
however, often can be challenging.  Even adult sex can be difficult to determine in 
animals like the phocid pinnipeds that live in pack ice or fast ice habitats of the Antarctic 
and exhibit little to no sexual dimorphism.  This difficulty is even more pronounced when 
individuals are viewed from a distance with no direct physical examination.  In phocid 
pinnipeds, male genitalia are internal and, consequently, the only clue to sex in otherwise 
sexually monomorphic species is the presence (male) or absence (female) of a ventral 
penile opening.  For animals with chromosomal sex determining mechanisms, molecular 
sex determination has the potential to unequivocally determine the genetic sex of 
individuals. This approach can circumvent many of the difficulties in identifying sex of 
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animals in the field and articularly useful in secretive species where only traces of the 
individual such as blood, hair, or scat are available. 
Two sex-chromosome specific genes, ZFX and ZFY, are zinc-finger homologues 
located on the X and Y chromosomes, respectively (Pecon-Slattery and O’Brien 1998).  
Because it is typically located outside the pseudoautosomal region of the Y chromosome 
in eutherian mammals (Mardon and Page 1989, Page et al. 1987), ZFY only rarely 
recombines with ZFX (but see Pecon-Slattery et al. 2000), and together these genes have 
proven useful as a molecular method for determining the sex of many mammalian species 
(e.g., felids, Pilgrim et al. 2005; canids, Lucchini et al. 2002; sea otters, Hattori et al. 
2003; pinnipeds, ungulates, and ursids, Shaw et al. 2003; cetaceans Morin et al. 2005; 
prosimians and humans, Fredsted and Villesen 2004;  and rodents, Marchal et al. 2003).  
Shaw et al. (2003) developed a PCR-based ZFY/ZFX assay applicable in a variety of 
mammals, including one pinniped, the harbor seal (Phoca vitulina), by using a single 
generic primer pair to simultaneously amplify both homologues in a single PCR reaction, 
then verifying presence or absence of the amplicons on an agarose gel. This approach, 
however, relies on differences in the size of the X- and Y-specific regions that may be 
subjected to PCR competition and lead to allele dropout of the larger allele producing 
incorrect sex assignment. Although I have no empirical indication that this is happening 
with the Shaw et al. (2003) primers, it is nonetheless a well-documented phenomenon 
and one I wished to avoid (Piyamongkol et al. 2003, Sefc et al. 2003, Buchan et al. 
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2005). I expanded on the work by Shaw et al. (2003) and created primers specifically 
targeted to separately amplify a portion of the ZFX or ZFY gene in pinnipeds.  This 
allowed me to genotype each seal to determine sex and to directly sequence one or both 
of these genes which could be used for forensic or species identification purposes. 
Crabeater (Lobodon carcinophagus), Ross (Ommatophoca rossii), and Weddell 
(Leptonychotes weddellii) seals are phocid pinnipeds that live almost exclusively in fast 
ice or pack ice habitats around the Antarctic Continent (Reeves and Stewart 2003, Reeves 
et al. 1992). Males and females of each species are similar in size and color and are not 
easily distinguished most of the time without close inspection for the presence or absence 
of a ventral penile opening. Consequently a genetic method for determining or verifying 
sex may be useful to a variety of ecological studies in these species. 
 
 
Methods 
 
Tissue samples were collected from 168 free-living crabeater seals (L. 
carcinophagus), 159 Weddell seals (L. weddellii), and 41 Ross seals (O. rossii) via 
remote darting or direct handling during the 2000 Antarctic Pack Ice Seal (APIS) 
scientific cruise (Decker et al. 2002, Solls et al. 2005).  Although all three species are 
circum-polar, most samples were collected from the pack-ice zone of the eastern 
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Amundsen and Ross Seas, approximately 67° – 78° S, 129° – 180° W (Figure 2.1) and 
some L. weddellii samples came from McMurdo Sound, Antarctica. Of the crabeater 
seals, there were 71 field identified males, 56 females, and 41 sex unknown. For Weddell 
seals there were 90 males, 64 females, and 5 unknown and for the Ross seals there were 
25 males and 16 females.  I also assayed four male and two female northern elephant 
seals and one male and one female California sea lion.  Since samples from the latter two 
species were from captive individuals, I am highly confident of the true sex of the 
individuals. Most of the sampled Antarctic phocids, however, were free ranging and 
many were sampled remotely by biopsy dart and not directly examined. 
I designed primers specifically targeting the last intron of the phocid ZFX and 
ZFY genes.  To accomplish this, I used the two, previously published sets of nested 
generic ZFX and ZFY felid primers (Pecon-Slattery and O’Brien 1998; Table 2.1) to 
simultaneously amplify both gene regions from a male crabeater seal.  PCR products 
were cloned (Original TA Cloning Kit, Invitrogen, Inc. Carlsbad, California, USA) and 
sequenced on an ABI 3730XL automatic sequencer (Macrogen Inc., Seoul, Korea).  
Sequences were aligned using Sequencher software (GeneCodes Corp., Ann Arbor, MI) 
and compared to published ZFX and ZFY sequences in GenBank.  From the aligned 
crabeater seal and GenBank sequences, locus-specific primers were designed to target the 
ZFX or ZFY loci separately (Table 2.1). A subset of male crabeater, Weddell, and Ross 
seals were amplified and sequenced at both loci.  I also assayed ZFY and ZFX in one 
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northern elephant seal (Mirounga angustirostris) and one California sea lion (Zalophus 
californianus).  To determine the sex of individuals, I set up separate PCR reactions for 
the ZFX and ZFY genes for all individuals and visualized the amplifications side by side 
on an agarose gel.  There are four possible amplification patterns. If both ZFX and ZFY or 
just ZFY alone amplified, the individual was assigned male. If the ZFX but not the ZFY 
amplified the individual was assigned female. If neither locus amplified, the individual 
was classified as unresolved. It should also be noted that individuals that amplify for the 
ZFX locus and not the ZFY could be either females or non-amplifying males (i.e., false 
negative for ZFY). The inclusion of a second male specific locus (e.g., SRY) can be 
helpful in confirming the results (Gilson et al. 1998).  
DNA was extracted from frozen tissue samples using standard phenol-chloroform 
techniques and/or using a DNeasy Tissue Kit (Qiagen, Valencia, CA, USA).  
Amplification reactions generally were 25 µl and contained 0.5 µl total cell DNA, 1 X 
reaction buffer (Promega, Madison, WI, USA), 2.0 mM MgCl2, 0.2 mM of each dNTP, 
10 pmol of each primer, 6 mg BSA, and 1.25 U Taq polymerase (Promega, Madison, WI, 
USA).  Thermocycling conditions were 95° C 2 min, 35 cycles of 95° C 1 min, annealing 
temperature (Table 2.1) 1 min, and 72° C 1 min, followed by a final extension at 72° C for 
7 minutes. PCR products were visualized on a 2% agarose gel with ethidium bromide to 
assess quantity and fidelity of amplification and then purified using either Microcon® 
Centrifugal Filter Units (Millipore Corp., Billerica, MA, USA) or QIAquick spin 
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columns (Qiagen, Valencia, CA, USA).  Approximately 100 ng of purified PCR product 
was directly sequenced in both directions on an ABI 3730XL automatic sequencer 
(Macrogen Inc., Geumcheon-gu, Seoul, Korea). 
 
 
Results and Discussion 
 
All five species successfully amplified for both loci.  The length of the crabeater 
seal ZFY fragment, including the primer sequences, was 931 nucleotides (nt).  The other 
species produced DNA fragments of similar length. The length of the crabeater seal  ZFX 
fragment including the primer sequences was 1045 nt and the other species produced 
fragments of similar length. The ZFX fragment matches with 83% identity to the final 
ZFX intron of Bos taurus (Lawson and Hewitt 2002; GenBank accession AF241273) and 
my ZFY fragment was 79% identical to the final intron of the Amur leopard (AB211426). 
After removing segments for which reliable sequence data was not obtained from all 
individuals (usually at the beginning and end of the sequence), I was able to cleanly 
resolve 851 and 956 nucleotides of sequence for the ZFY and ZFX loci, respectively. 
The genotypic sex of nearly all seals (95.8%) agreed with the sex assigned in the 
field (Table 2.2). Discrepancies between the field and laboratory assigned sex ranged 
from 0 to 6.7%.  Conflicts between the laboratory and field assigned sex of an individual 
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can arise from either field sexing errors or an unidentified laboratory artifact. I am most 
confident in the laboratory assessment when both ZFX and ZFY amplifications produce 
strong, clear bands since non-homologous amplification of an appropriate sized fragment 
is unlikely given the specificity of the primers. Furthermore, the homology of the 
fragment can be verified by DNA sequence or RFLP analysis. Any male that amplifies 
for the ZFX gene but fails to amplify for the ZFY gene would appear to be a female by 
my genetic tests. That the ZFX gene amplified indicates that the failure of ZFY 
amplification was not due to poor template quality or other general amplifications 
problems. Given that I saw no intra-specific variation and that these primers generally 
worked well in all three species, I also believe that this type of locus specific artifact is 
unlikely. Nonetheless, I cannot definitively rule out that the eight individuals that were 
field identified as male but failed to amplify for the ZFY locus may indeed, be male. A 
field-identified female appearing to be male based on amplification of both the ZFY and 
ZFX loci, is a likely candidate for field misidentification. Sex of individuals in the field 
was determined in one of three ways. First, many crabeater and Weddell seals were 
closely approached so that skin samples could be taken from the trailing edge of their rear 
flippers while they slept. At this time, individuals were visually examined for the 
presence of a ventral penile opening or for distinctive scarring around the neck and fore 
flippers (suggesting male in crabeater seals). Six of the incorrectly identified individuals 
in Table 2.2 were sampled in this way, evenly split between the two possible 
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discrepancies (i.e., field male but genetic female and field female but genetic male). 
Second, a number of seals (particularly crabeater seals which are more difficult to 
approach) were remotely sampled by biopsy darting either using a crossbow or a hand 
held dart pole. The sex in these cases was assigned based on the quickly observed 
presence or absence of a penile opening or scarring on neck and near the fore flippers. 
Five of the total 15 incorrectly sexed individuals were sampled in this way and all but one 
of these five, a Weddell seal, were field males but genetic females. Finally, a smaller 
number of seals (13) were captured and anesthetized while samples were taken and 
telemetry instruments attached. These individuals were examined closely and assigned a 
sex by a wildlife veterinarian. Only one individual field-identified as male but failing to 
amplify the ZFY gene  (a crabeater) was among the examined individuals. This may 
indicate that, although rarely, false negative amplification of ZFY has occurred.  
Interestingly, three of the examined individuals field-identified as female (two 
crabeater seals and one Ross seal) produced strong ZFY (and ZFX) amplifications. Given 
that I believe that false positive amplification is unlikely, it would seems logical that 
these individuals might have been misidentified in the field. To the contrary, however, 
given that these individuals received a close examination by a wildlife veterinarian, it 
also seems highly unlikely that the field identification is wrong. Although I cannot fully 
validate either the field or laboratory methods for sex identification, it is possible that the 
observed discrepancy of a field-identified female clearly being a genetic male does not 
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involve errors in either method. It has been observed that three northern elephant seals 
(M. angustirostris) in California clearly had secondary sexual characteristics of adult 
males yet lack a penile opening leading to ambiguous sexual assignment (Stewart BS 
personal observation).  Unfortunately, I did not have access or samples from these 
individuals to determine genetic sex. Presumably, if I did, they would produce positive 
amplifications for ZFY. 
Persistent organic pollutants (POPs) are nearly ubiquitous in the environment 
(Damstra, et al. 2002) and many of them (e.g., dithiothreitol, polychlorinated biphenyls, 
and tributyltin) are endocrine-disrupting chemicals. In vertebrates, some POPs act as 
estrogen mimics or androgen antagonists resulting in genetically male individuals possess 
female physical characteristics (as is seen here; Ayaki et al. 2005, Hayes et al. 2002, 
Penaz et al. 2005). Although the near absence of industrial development and its 
remoteness make the Antarctic appear to be an unlikely place for POPs, this is clearly not 
the case. While studying sediment cores in McMurdo Sound, Ross Sea, Antarctica, Nigri 
et al. (2004) documented detectable levels of butyltins (i.e., TBT, DBT, and MBT) at six 
of eight surveyed sites. Butyltins are commonly used in anti-fouling paints on large boats 
including the icebreakers that visit McMurdo Sound. Nigri et al. (2004) thought that 
butyltins might be introduced into the sediment from paint chips rubbed off of 
icebreakers. One of their sampling sites in McMurdo Sound, Cape Armitage, had 
extremely high levels of butyltin “…only exceeded in very busy harbours…” (Negri et al. 
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2004).  Goerke et al. (2004) also documented a 30 – 160 fold biomagnification of several 
POPs in Weddell seals and southern elephant seals (Mirounga leonina).  
Although it is difficult to say at this time what, if any, effect Antarctic POPs are 
having on the health and sexual development of Antarctic pack-ice seals, there is a wealth 
of studies indicating that the presence of POPs in the environment can have long-lasting 
and dire consequences for wildlife.  They also may have been contributing factors 
resulting in field sex identifications not agreeing with my genetic sex assignments. 
Regardless, being able to genetically assess the sex of free-ranging seals can provide a 
backup method for testing the veracity of visual designations, allow sex determination of 
DNA samples when individuals are not handled or even sighted, and provide a key to the 
understanding of the impacts that POPs might have in marine ecosystems. Furthermore, 
to fully assess the potential effects that POPs may be having on natural populations, it is 
necessary to have both genetic and morphological information along with some 
understanding of the individual exposure to POPs. 
I found no intra-specific ZFY variation after sequencing 12 crabeater (GenBank 
accession number DQ493902), 10 Weddell (DQ493904), or 10 Ross seals (DQ493903). 
There also was no intra-specific variation in ZFX genes of those species after screening 
four (DQ811091), two (DQ811093), and two (DQ811092) individuals, respectively. In 
addition, I sequenced ZFY and ZFX from one each of northern elephant seals (Mirounga 
angustirostris; ZFY– DQ493906, ZFX– DQ811095) and California sea lion (Zalophus 
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californianus; ZFY – DQ493905, ZFX – DQ811094).  Among all five species there was 
considerable inter-specific variation at both the ZFY and ZFX genes (Appendix A and B). 
At the ZFX locus, there were 50 variable nucleotide positions (~5%).  Of those, 29 were 
transitions, 10 were transversions, and three were deletions (one 3 nt and two 4 nt). At 
ZFY, 61 of the nucleotide sites were variable (~7%).  Of those, 33 were transitions, 13 
were transversions, one had both a transition and a transversion, and one had both a 
deletion and a transition. There was a single 4 nt deletion in the Weddell sequence and 
there were two 2 nt and two 3 nt deletions in the Z. californianus sequence. It appears 
that all species can be uniquely identified from all others through DNA sequence by at 
least three (crabeater seal at ZFY) to at most 31 (California sea lion at ZFY) sites. My 
assessment of intra-specific variation, however, was limited and species designations 
should be made on multiple sites or a larger number of individuals from throughout the 
range of the species. Nonetheless, this level of variation is likely to be useful in 
identifying species from forensic samples and for phylogenetic analyses. 
The results of this study have been threefold. First, I have indicated that the ZFX 
and ZFY loci are likely to be good nuclear markers for species identification. Second, I 
have demonstrated the utility of new ZFX and ZFY markers for assigning the sex of 
pinnipeds especially when access to the animal is highly limited. Third, I uncovered 
several cases where the sex designated based on morphology appears to be in conflict 
with molecular markers. In some of these cases, it likely is simply misidentification in the 
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field or technical artifact. Others, however, may be indicating that persistent organic 
pollutants are having significant impact on Antarctic fauna. Further targeted research, 
however, is needed before final conclusions about the likelihood and magnitude of the 
effect can be reached.  
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Table 2.1.  Primer sequence, annealing temperature, and fragment size for loci used in ZFX / ZFY screening. All amplifications 
were of the crabeater seal (Lobodon carcinophagus). 
 
 
Locus Primer Sequence (5' to 3') ° C Size (bp) a Reference  
Zinc-finger Y (ZFYF) F: CCAAACAGGTGAGGGTGCACA 60 931 This Study 
Zinc-finger Y (ZFYR) R: GTAATCACAGTCAGTACAGTGG    
     
Zinc-finger X (ZFXF) F: TGAGGGCACATGAGTCCCACA 55 1045 This Study 
Zinc-finger X (ZF2RA) R: GGTGGTTGTGTAAACTTATCTT    
     
ZF1F F: ATAGATGAGTCTGCTGGC 48 Multiple Pecon-Slattery and O’Brian 1989 
ZF1R R: CGTTTCAAATCACTTGA    
     
ZF2F F: GGTGATTCCAGGCAGTAC 52 ~1200 Pecon-Slattery and O’Brian 1989 
ZF2R R: TGGTCAGCTTGTGGCTCTCCT    
 
a Size of the fragment includes the primer sequence.
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Table 2.2.  Summary of sex determination of pinnipeds. The number correct refers to agreement between the field and 
laboratory sex determinations and the number incorrect refers to disagreement. Unknown refers to individuals where sex was 
not assigned in the field and unresolved is the number of samples that did not reliably amplify with either ZFX or ZFY primers. 
 
Field Identified As 
Male 
 
Female    
Species Correct Incorrect 
 
Correct Incorrect Unknown Unresolved Total a 
Lobodon carcinophagus 65 (94.2%) 4 (5.7%) 
 
48 (96.0%) 2 (4.0%) 41 14 (8.3%) 168 
Leptonychotes weddellii 86 (95.5%) 4 (4.5%) 
 
57 (93.4%) 4 (6.6%) 5 5 (3.1%) 159 
Ommatophoca rossii 25 (100%) 0 (0%) 14 (93.3%) 1 (6.7%) 0 1 (2.4%) 41 
Mirounga angustirostris 4 (100%) 0 (0%) 2 (100%) 0 (0%) 0 0 6 
Zalophus californianus 1 (100%) 0 (0%) 1 (100%) 0 (0%) 0 0 2 
Total 181 (95.8%) 8 (4.2%) 122 (94.6%) 7 (5.4%) 46 19 (5.1%) 376 
 
a Row sum may not equal total because some individuals field-classified as unknown also were unresolved.
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Figure 2.1. Map of the Antarctic continent showing the area where genetic samples were 
collected. 
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Chapter 3: Pleistocene Population Expansions of Antarctic Pack-Ice Seals 
 
Introduction 
 
Population abundance and persistence are often positively correlated, as larger 
populations are thought to be more resilient to ecological perturbations. Similarly, 
genetically variable populations are generally more fit than less variable ones presumably 
because greater genetic variability allows for adaptation to changing environmental and 
biotic conditions (e.g., Hansson and Westerberg, 2002; Reed and Frankham 2003).  A 
simple count of individuals in a population may not, however, accurately reflect the 
numbers of individuals that are actually contributing to the next generation and thus the 
long-term evolutionary potential of the population. Wright (1931) defined the genetically 
effective population size (NE) as the number of individuals in an ideal population that 
would have the same rate of genetic drift as the observed population. When considering 
evolutionary processes, NE is more important than a population count because NE 
represents the actual numbers of individuals that commonly contribute to each generation 
over the long term. Several different factors can conspire to result in NE being different 
from census population size (almost always smaller). Large variance in individual 
reproductive success, population size changes across generations, non-random systems of 
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mating (e.g., polygeny and polyandry), and unequal sex ratios all work to reduce NE 
compared to census size (Hartl and Clark, 1997).  Consequently, to know the 
evolutionary potential of a population an understanding of the genetic effective 
population size is needed first. Here, I estimate genetic effective population sizes of three 
of the four phocid carnivores that live in the seasonal fast ice and pack ice habitats of the 
western Amundsen and Ross seas in west Antarctica.  These seals occupy important 
niches in the notoriously short Antarctic marine food web. 
Demography of Antarctic seals remains a critical but relatively little understood 
element of the Antarctic marine ecosystem, though it is important to management models 
and conservation plans for the Southern Ocean. This is particularly true for crabeater 
seals (Lobodon carcinophaga), which have a large circumpolar population and feed 
exclusively on Antarctic krill (Euphausia superba; e.g., Mori and Butterworth 2004).  
Owing principally to the remoteness and heavily ice-covered habitats of pack ice seals, 
there has been only de minimus anthropogenic exploitation and impact to their 
populations (e.g., Oritsland 1970, Stirling 1971, Laws et al. 2002).  Abundance and 
population trend data for crabeater seals have been specifically identified by the 
International Whaling Commission as important, though deficient, when considering 
trophic interactions with Southern Ocean whale populations (International Whaling 
Commission 2005) and this is arguably true for all Antarctic seals. 
My research focused on three closely related species of phocid carnivores that 
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have circumpolar Antarctic distributions, occupy distinct ecological niches, and have 
different mating tactics.  The population of Weddell seals (Leptonychotes weddellii) has 
been estimated at around 730,000 to 800,000 (Laws 1977, Erickson and Hanson 1990) 
and typically inhabits the land-fast ice surrounding the Antarctic continent when 
breeding.  They appear to be polygynous with males defending underwater territories and 
mating with up to five females during each breeding season (Gelatt et al. 2000). Regional 
populations apparently consist of separate, geographically disjunct breeding colonies 
(Stirling 1969). Adult female seals appear to be philopatric to breeding site and natal 
philopatry may also be strong (e.g., Stirling 1969). Relative to seals outside of the 
Antarctic, however, choice of breeding sites by Weddell seals is more variable (cf. 
Croxall and Hiby, 1983). Adjacent colonies may have substantial genetic exchange 
driven in part by intraspecific competition for prime space within or among breeding 
colonies (Hastings and Testa, 1998). Further, most estimates of site fidelity are based on 
tagging studies that generally reveal levels of exchange sufficient (i.e., on average, one 
migrant exchanged per generation) to genetically homogenize populations. There is some 
indication that at least distantly separated colonies (i.e., on opposite sides of the 
continent) might be genetically differentiated (Davis et al. 2000, 2008). Those 
assessments, however, have indicated only slight genetic subdivision among breeding 
colonies and no genetic subdivision when individuals are mixed in the pack ice in the 
Ross and Amundsen seas (Davis et al. 2008).  But given the potential for philopatry and a 
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polygnous mating system, I would expect that NE in this species would be smaller than 
the other species where these attributes were not found.  
Crabeater seals are generally found near the outer edges of the pack ice in late 
summer (i.e., post-breeding season) when surveys have been conducted. Population size 
has been estimated at 7 to 15 million individuals (Laws 1977, Erickson and Hanson 
1990) and the circumpolar population appears to be panmictic with no indication of 
geographically localized breeding groups (Davis et al. 2000, 2008). The abundance of 
crabeater seals was expected, by some, to have increased substantially following the 
decline and near collapse of populations of krill-eating baleen whales in the Antarctic in 
the early to mid 20th century (e.g., Laws 1977, Smetacek and Nicol 2005). Between the 
1920’s and the mid 1960’s, the total abundance of baleen whales dropped from an 
estimate of 22 million metric tons to approximately 2 million metric tons (Macintosh 
1970). Reduced competition for krill presumably would have promoted an increase in the 
abundance of crabeater seals. The population size of crabeater seals might have declined 
in recent years, however, owing to resource competition from rebounding whale 
populations and the beginning of commercial harvesting of krill (Bester et al. 1995). 
Crabeater seals are thought to be serially monogamous with males mating with only a 
single female each mating season but not necessarily the same female between seasons 
(Stirling 1983).  Consequently, I expect that the combination of this breeding system with 
panmixia and an extremely large population size will result in a larger NE and less of a 
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difference between NE and census size. 
Much less is known about the ecology or breeding biology of Ross seals 
(Ommatophoca rossii).   They are usually found in deeper pack ice where medium and 
large ice floes are common. Their circumpolar abundance has been estimated at 131,000 
to 220,000 (Laws 1977, Erickson and Hanson 1990) and there is no indication of 
geographic population subdivision (Davis et al. 2008). All three species, however, have 
evolved and existed in relative isolation and have experienced very little to no sustained 
hunting pressure.  Historic population changes, therefore, should be a reflection of natural 
processes and not a result of anthropogenic disturbance. To better understand the ecology 
and breeding biology of these unique animals, I explored the degree of genetic variation 
in nuclear and mitochondrial loci of a relatively large number of seals sampled in the 
Ross and western Amundsen seas in west Antarctica from December 1999 through 
February 2000. Specifically, I have assayed DNA sequence variation in sex-linked 
nuclear loci (both X and Y; Curtis et al. 2007), autosomal and sex-linked microsatellite 
loci (data not shown), and maternally inherited cytoplasmic mitochondrial DNA. Here, I 
report the results from the maternally inherited mitochondrial DNA.  
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Methods 
Samples 
 
 
Biopsy samples of skin were collected from 181 free-living Weddell seals, 143 
crabeater seals, and 41 Ross seals by remote darting or direct handling during the Austral 
summer from December 1999 through February 2000 (cf. Decker et al. 2002, Solls et al. 
2005).  Most samples were collected from the pack ice zone (i.e., not specific breeding 
colonies) of the eastern Ross and western Amundsen seas, between 67°and 78° S latitude 
and 129° to 180° W (Figure 3.1) though a few samples from Weddell seals were 
collected from a long-studied colony in Erebus Bay, McMurdo Sound.  Sex of most 
individuals was determined and or confirmed in the laboratory using ZFX and ZFY 
genetic screening (Curtis et al. 2007).  Tissue samples were either stored in ethanol or 
frozen at –80oC until DNA extraction. 
 
 
 
Genetic Methods 
 
Total cell DNA (tDNA) was extracted using standard phenol-chloroform 
techniques or with a DNeasy Tissue Kit (Qiagen, Valencia, CA, USA), and 5 µL of DNA 
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was visualized on a 0.8% agarose gel with ethidium bromide to assess DNA quality.  I 
amplified a roughly 475 nucleotide (nt) fragment of the 5’ portion of the mitochondrial 
control region using conserved, generic primers as follows: forward primer TDKD (Slade 
et al. 1994): 5'-CCTGAAGTAGGAACCAGATG-3', reverse primer L15926 (Kocher et 
al. 1989): 5'-TCAAAGCTTACACCAGTCTTGTAAACC-3'. A 50 µL reaction contained 
0.5 µL tDNA, 1 X reaction buffer (Promga, Madison, WI, USA), 2.0 mM MgCl2, 0.2 
mM of each dNTP, 10 pmol of each primer, 6 μg BSA, and 1.25 U Taq polymerase 
(Promga, Madison, WI, USA).  Thermocycling conditions were 94° C for 1 min, 35 
cycles of 94° C for 1 min, 50° C for 1 minute, 72° C 1 min, and a final extension at 72° C 
for 7 min.  PCR products were visualized on a 2% agarose gel with ethidium bromide to 
assess quantity and fidelity of amplification and then purified using either Microcon® 
Centrifugal Filter Units (Millipore Corp., Billerica, MA, USA) or QIAquick spin 
columns (Qiagen, Valencia, CA, USA).  Approximately 100 ng of purified PCR product 
was used as template in the sequencing reaction, and sequences in both directions were 
run on an ABI 3730XL automatic sequencer (Macrogen Inc., Geumcheon-gu, Seoul, 
Korea). 
Sequence and Population Analyses 
 
 
Forward and reverse sequences were aligned using Sequencher software (Gene 
Codes, Ann Arbor, MI, USA), and edited manually when necessary. All aligned 
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sequences were analyzed using Arlequin vers. 3.01 (Excoffier et al. 2005) to estimate 
standard genetic indices, including nucleotide diversity (π) and haplotype diversity (h; 
Nei, 1987). I estimated Θ using the Bayesian, Markoff-chain, maximum-likelihood 
approach implemented in the program LAMARC (Kuhner 2006). All analyses used a 
general time reversible (GTR) model of evolution chosen as the most likely by the 
Akaike Information Criteria within MODELTEST v3.06 (Posada and Crandall 1998), 
two simultaneous searches with heating, and 100,000 steps with an initial burn-in of 
10,000 steps. Analyses were repeated three times with different random number seeds to 
assess consistency. Assuming that the populations are in equilibrium, female effective 
population sizes (NEF) for the three specie were estimated by replacing Θ in the 
equation, NEF = Θ2μ , where µ is the mutation rate per site per generation. 
I evaluated evidence for historic population expansion using two methods.  First, I 
used Fu’s FS value, which is primarily based on the differences between expected 
numbers of alleles (estimated through 10,000 computer simulations based on the 
observed pair-wise differences in my samples) and observed numbers of alleles (Fu 
1997). FS is particularly sensitive to past population expansions, which typically generate 
large, negative numbers due to the predominance of new, rare haplotypes in the sample.  I 
also analyzed the distribution of all pair-wise haplotype differences (mismatch 
distributions), and calculated the goodness of fit of the estimated distribution to that 
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predicted by a sudden expansion model using 16,000 computer simulations (Rogers and 
Harpending 1992, Rogers 1995, Schneider and Excoffier 1999, Excoffier 2004) and 
associated raggedness index (Harpending 1994) as performed in ARLEQUIN (Excoffier 
et al. 2005). Mismatch distributions tend to be unimodal, and smooth (i.e. wave-like) in 
populations that have undergone population size changes. Multimodal or random and 
rough distributions are characteristic of populations that have experienced long-term 
stability.  The significance or goodness of fit of the observed data to the predicted 
distribution modeled for sudden expansion growth was assessed by using a sum of 
squares (SSD) method. When observed distributions fit the sudden expansion model (p ≥ 
0.05), I estimated, using ARLEQUIN, the number of generations since the expansion (t) 
from the peak of the distribution (τ) as t = τ
2μ  (re-arranged from Li 1977) where µ is the 
rate of mutation per gene per generation. 
  
 
Results 
MtDNA Variation 
 
 
I obtained useable mitochondrial sequence from 365 seals, resulting in 251 unique 
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haplotypes.  A 471 bp fragment of the control region was aligned for 181 Weddell seals 
(GenBank accession numbers EU653156 – EU653238), a 472 nt fragment was aligned 
for 143 crabeater seals (EU653021 – EU653155), and a 481 bp segment was aligned for 
41 Ross seals (EU653239 – EU653272).  DNA fragments from Ross seals were truncated 
to 420 bp due to poor sequence quality and missing data in several seals near the ends of 
the fragment.  No polymorphic sites were observed in the truncated segments. There were 
large numbers of haplotypes in each species with 83 haplotypes identified in the Weddell 
seals, with 49 of them (59.0%) found in only a single seal (singletons; Table 3.1).  There 
were 33 haplotypes in the Ross seals, with 26 singletons (78.8%). Notably, there were 
135 haplotypes in the crabeater seals, with 127 singletons (94.1%). Consequently, 
estimates of haplotype diversity were large and approaching 1.0 in all cases (Table 3.1).   
 
 
Effective Population Size 
 
All LAMARC analyses gave very similar results within species and unimodal 
distributions for the likelihood distributions indicating that I have the true probability 
density functions. The estimated sampling sizes (ESS) were all greater than 100 and often 
much larger and when combined, the ESSs were all greater than 200. The estimates of 
Θ across the three separate runs within a species were within ~1% or less of the 
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combined median value. The median Θ  estimates ranged from 0.075 to 0.576 (Table 3.1). 
Using a mutation rate (μ ) for the mitochondrial control region estimated from pinnipeds 
of 7.5 X 10-8 substitutions/site/year (Slade et al. 1998) and a conservative estimate of 
generation time of 9 years for each species (cf. Croxall and Hiby 1983, Bengtson and 
Laws 1985, Harding and Harkonen 1995, Hadley et al. 2006), the genetically effective 
female population sizes ranged from ~55,600 for Weddell seals to ~426,700 for crabeater 
seals, with Ross seals closer in number to Weddell seals (~65,200; Table 3.1).  
 
Demographic History of Pack-Ice Seals 
 
 
All three seal species had significant FS values (i.e. p < 0.01) and all were less 
than -20.0 (Table 3.2), persuasive evidence of population expansion. I also tested for 
population expansion using mismatch distribution estimates.  Weddell and crabeater seals 
were not statistically significantly different from a unimodal mean pair-wise difference 
distributions (p = 0.56 and 0.36, respectively, Table 3.2, Figure 3.2), suggesting that they 
had previously increased rapidly in abundance. The Ross seal distribution was not 
unimodal (p = 0.04, Figure 3.2) and does not indicate any substantial historic change in 
population size (Rogers and Harpending 1992, Slatkin and Hudson 1991).  This trend 
was reinforced with Harpending’s raggedness values (Harpending 1994), which were 
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significantly different from ragged distribution in Weddell and crabeater seals but not so 
in Ross seals (p = 0.84, 0.82, and 0.05, respectively). 
The peak of the unimodal distribution (τ) for Weddell seals was 5.74 
corresponding to a population expansion 81,246 generations ago (731,210 years). The τ  
for crabeater seals was twice as large (12.59) suggesting that their numbers increased 
about 177,825 generations (1.6 million years) ago. Both correspond to times of 
decreasing Antarctic temperatures and increasing seasonal ice extent (Petit et al. 1999). 
 
 
Discussion 
 
 
My assessment of genetic variation in the mtDNA control region indicates that 
Weddell, crabeater, and Ross seals all have levels of intraspecific haplotype and 
nucleotide diversity similar to, or greater than, those reported for other marine mammals 
that have not been substantially harvested and that do not have strongly matrilineal 
population structuring (e.g., Dalebout et al. 2005, Malik et al. 2000, Westlake and 
O’Corry-Crowe 2002). Haplotype diversity in these Antarctic seals is extremely high and 
indicates that populations of these species have been consistently large for long periods. 
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My conclusions are conditioned, however, on a couple of caveats. First, mutation rates 
have consistently been difficult to estimate and likely have large margins of error. 
Consequently, if my estimate of mutation rate is off by as much as an order of magnitude 
then my estimates of NEF and time since population expansion are also off by an order of 
magnitude. I think, however, that the mutation rate that I used is reasonable and 
appropriate.  I take this rate from Slade et al. (1998) who estimated the mutation rate 
using mtDNA d-loop divergence and fossil records of northern and southern elephant 
seals, the leopard seal, and the Weddell seal. As one of those is a species that I analyzed 
here and the others are closely related, I think that the estimate is not affected by 
phylogenetic peculiarities. Although the taxa used for the comparison were 4.5 million 
years divergent, at most, I also do not think that saturation had any effect. Slade et al. 
(1994) tested the relationship between genetic distance and divergence time in these and 
other pinnipeds that diverged from 4.5 to 40 million years ago and found a linear 
relationship in all comparisons except for the most distantly related pairs of taxa for both 
transitions and transversions. A non-linear relationship is characteristic of saturation in 
the sequence data.  Consequently, they concluded that saturation wasn’t present until 30 
million years divergence. This means that the estimates of divergence with which the 
mutation rate was estimated are unlikely to be effected by homoplasy in the data. 
A second caveat concerns the estimate of generation time. Only a few studies 
have examined the reproductive characteristics of these species. Croxall and Hiby (1983) 
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reported an extensive survey on breeding and survival in Weddell seals and estimated 
that the average age of first reproduction was 4 – 5 years and after about 6 years of age 
80% or more of the females have pups.  Lifespan in Antarctic seals is not generally more 
than 25 years and Croxall and Hiby found that over 80% of the females with pups were 
between the ages of 6 and 13 and the oldest reproducing female was 17.  Harding and 
Harkonen (1995) estimated average of sexual maturity in crabeater seals at between 3.7 
and 5 years old and Bengtson and Siniff (1981) estimated it at 3.8 years.  Hadley et al. 
(2006) reported average age of first reproduction in a long-studied population of Weddell 
seals in the Ross Sea (McMurdo Sound) at 7.6 years.   Consequently, I think that an 
estimate of generation time of 9 years is conservatively (i.e., underestimates NE) 
appropriate.  If this were an under- or overestimate by even two years then my estimates 
of NEF would be around 20% lower (or higher) but, given the 95-percentile range, well 
within the estimate range of NE using 9 years.  
Given the above, I think that my estimates of NEF and time since population 
expansion are reasonable.  Moreover, the relative rank order of the estimates is not 
affected by errors in mutation rate or generation time estimates. Further, NEF values 
reflect the magnitude of the breeding population over evolutionary time and may not 
correspond to contemporary values. It is important also to note that estimates of 
genetically effective population size using NEF = Θ2μ  assume that the population under 
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consideration is in equilibrium. Given that I detected historic population expansions for 
the crabeater and Weddell seals, this is unlikely to be true in these species. How far from 
equilibrium and what effect this might have on my estimates of NE, however, are 
unknown. It is reasonable to assume that the time since expansion has been relatively 
long (80,000 – 170,000 generations), the populations are converging on equilibrium 
levels. Nonetheless, that I still can detect the population expansion indicates that they 
have yet to completely reach equilibrium. 
My estimate of NEF for crabeater seals is around 426,700 females. The serially 
monogamous mating system of this species suggests that female and male long-term 
effective population sizes should be roughly equal and thus a total genetically effective 
population size of less than 853,400 seals. This compares with previous visual census 
estimates of circumpolar abundance of 7 to 15 million (Laws 1977, Erickson and Hanson 
1990).  The Ross and Amundsen seas are key areas of ice habitat and a larger effective 
population size would be expected if the prior circumpolar estimates are accurate.  In a 
review of 192 empirically derived estimates, Frankham (1995) showed that the ratio of 
NE to census size is often less than 0.5 and frequently less than 0.25. Considering just 
mammals (45 studies of 25 species), the NE to census size was 0.45 ± 0.21. My estimate, 
however, is 0.057 – 0.122 (Table 3.1); up to an order of magnitude smaller than 
commonly seen. Avise et al. (1988), however, showed that NE could be two to three 
orders of magnitude lower than census size estimates.  
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Although few assessments of population genetic subdivision have been made, 
there is little indication of extant barriers to dispersal. In the two published genetic 
studies that I am aware of, there were no indications of population subdivision around the 
Antarctic for crabeater seals (Davis et al. 2000, Davis et al. 2008). As such, I would 
expect my estimates of NE to be reasonably close to the visual census estimates. This is 
clearly not the case. Several factors can lead to a highly reduced NE relative to census 
size. In spite of the genetic data, there may be some level of undetected geographic 
subdivision among crabeater seals, particularly between east and west Antarctica and 
perhaps other geographically disjunct areas like the Weddell Sea.  Consequently, my 
estimates would then reflect the number of breeding seals in the immediately sampled 
and geographically defined area of the western Amundsen and Ross seas. In Erickson and 
Hanson’s (1990) survey of seal densities in Antarctica, they defined the Ross Sea as 
bounded by 130° W to 160° E which roughly encloses the study area. The population 
estimate for the Ross Sea crabeater seal was 1.3 million individuals (Erickson and 
Hanson 1990).  My estimate of as many as 853,400 individuals then would give a NE to 
census size ratio of 0.657, which is more typical of wild animal populations. I have, 
however, no indication that the area I sampled constitutes a separate population. 
Although Davis et al. (2008) found no indication of population subdivision, my data set 
is only a partial subset of theirs and may be genetically structured. If this were the case 
and my samples represent more than one sub-population, I would expect that my 
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estimates of NE would be overestimates. It might also be that the mitochondrial DNA 
variation is underestimating the effective population size (Bazin et al. 2006), though it is 
difficult to address the potential for this. Perhaps, it may be possible through examination 
of nuclear loci. The high levels of haplotype diversity do suggest, however, the mtDNA 
is evolving in a neutral fashion for these three species of Antarctic seals. There also is 
little indication that crabeater seals underwent a 4-10 fold population expansion in the 
last 30-50 years, as suggested by the ‘krill surplus hypothesis’ (Laws 1977; Mori and 
Butterworth 2004).  If this were true, I would expect considerably lower levels of 
nucleotide and haplotype diversity. There may not, however, have been enough time for 
such a recent population size change to be reflected in the mtDNA data. Nonetheless, 
fluctuations in population size, high variance in female reproductive success, or recent 
expansion in population size all would result in an estimate of NE that is substantially 
lower that actual population size. 
 Extrapolating total effective population size in Weddell seals may be less 
straightforward than a simple doubling of female numbers, which would imply a long 
term 1:1 sex ratio. Given the polygynous mating system of this species, this is unlikely to 
be the case. My genetically effective population size estimate is 55,600 females.  Male 
effective population sizes may be lower and thus the total genetically effective population 
size may be less than 111,200.  Even so, this number is considerably lower than the 
circumpolar estimate of 730,000 by Laws (1977) and ~800,000 by Erickson and Hanson 
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(1990).  The geographic range of my effective population size estimate is not clear, 
though both genetic studies to date (Davis et al. 2000, 2008) do suggest that it is possible 
that I have sampled a subpopulation.  Therefore, it may be that my estimate of effective 
population size reflects a regional geographic scale (i.e., eastern Ross and western 
Amundsen seas). Erickson and Hanson (1990) estimate that there were ~50,000 Weddell 
seals in the Ross Sea. If I was estimating the number of seals in just this area, the census 
size would then be smaller than the genetically effective size; an unlikely situation. 
Erickson and Hanson (1990), however, do caution that their population size estimates are 
very conservative and likely underestimate true abundances. My estimate of 111,200 also 
assumes a 1:1 sex ratio, which is most likely not the case and mine is an overestimate. 
My samples cover approximately 60o longitude, which is less than 20% of the 
circumference of Antarctica.  If I assume that the distribution of Weddell seals around 
Antarctica is uniform and I have sampled a discrete subpopulation, that would put the 
total effective population size at ~556,000 individuals. Although still substantially 
smaller than the direct census estimate, the NE to census size ratio is 0.67 – 0.76 and 
similar to the estimate of ~0.50 for other mammals (Frankham 1995) 
Not enough information is known about Ross seals to speculate about their 
breeding system, however if a 1:1 sex ratio is assumed, total genetically effective 
population size may be ~130,400 reproducing individuals, which is very near the census 
estimate of ~130,000 to 220,000 made by Erickson and Hanson (1990) and Laws (1977), 
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respectively, and would result in the highest NE to census size ratio of all three species. 
Census sizes, however, were estimates that the authors speculated may be underestimates 
due to the unknown numbers of seals in the water at any given time, even at times of 
peak haul out, and the fact that a significant part of the range of the seals was unsurveyed. 
Even so, the ratio of the genetically effective population size to census size for Ross seals 
is clearly larger than the other two species (Table 3.1). There are several factors or 
combinations of factors that can account for this. Unlike both Weddell and crabeater 
seals, Ross seals did not show indications of historical population size changes. With 
changing population size, the genetically effective size is better approximated by the 
harmonic mean of size across generations and as such is substantially reduced and 
influenced by the smallest population sizes. If Ross seal populations have been fairly 
stable relative to the other two species that show population expansions, then I would 
expect them to have the largest NE to census size ratio. It is also possible that non-
equilibrium states for the other two species are resulting in an underestimation of NE. I 
have, however, no data with this to support or refute this argument. 
A total of 11,414 seals were observed during the multi-disciplinary cruise in 
1999-2000 when the samples reported here were collected (Ackley et al. 2003).  Of the 
7,781 seals that were identified to species, 4,817 were crabeater (53.8%), 2,852 were 
Weddell (36.7%), 79 were Ross (1%), and 33 (0.4%) were leopard seals (Hydrurga 
leptonyx).  Though Ross seals were seen less often than Weddell seals, my estimate of 
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effective population size for Ross seals was higher than that for Weddell seals. This is 
likely due to differences in their primary habitats and distributions.  Ross seals primarily 
live in pack ice habitats, where the surveys were conducted, whereas Weddell seals 
mostly occur close to the coast in fast ice habitats, at least in summer.  Ross seals may be 
more difficult to sight than Weddell seals. A historic population bottleneck of Weddell 
seals followed by population expansion also would have resulted in a smaller genetically 
effective population size and may account for some of the difference.   If Ross seals are 
monogamous, compared to the polygynous Weddell seal, then notwithstanding other 
influences, this would also result in larger estimates of Ross seals.  This should not, 
however, be reflected in the maternally inherited mtDNA. 
Crabeater and Weddell seals have apparently increased in abundance since prior 
glaciations. My mismatch analysis indicated that, historically, crabeater seal experienced 
a population expansion (Table 3.2) approximately 1.6 million years ago. The Pliocene – 
Pleistocene boundary is ~1.8 million years ago and roughly marks the start of the latest 
ice age. At this time sea levels were lower than now, and ice volume was significantly 
larger.  Temperatures oscillated between warmer and colder periods on an approximately 
41,000 year cycle until about 1.0 million years ago when the cycle switched to 100,000 
years. Correlative changes in fast ice and pack ice extent and seasonal tenure might have 
provided larger and better habitats for breeding and molting and consequently promoted 
range and population expansions.  My analyses indicate that Weddell seals increased in 
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abundance around 731,000 years ago.   Expansions of fast ice and pack ice habitat may 
have provided more breeding habitat for Ross seals but had little influence on pelagic, 
non-ice habitats where Ross seals appear to spend most of each year foraging.  This may 
explain the results of my analyses, which did not unambiguously indicate a sudden 
population expansion in the Ross seal.  
Antarctic seals are important predators in the remarkably short food web of 
Southern Ocean ecosystems.  Unlike most marine mammals, Antarctic seals have not 
been substantially affected directly by humans, and small local harvests during the past 
several decades could not explain the patterns of genetic variability that I observed or the 
derived estimates of population history.  My results indicate that the NE for pack ice seals 
is generally lower than census size but on par with what is seen for other animals. There 
are considerable amounts of genetic diversity (at least for mtDNA) in all three species 
indicating that, genetically, these species are healthy (Spielman et al. 2004). Two, if not 
all three, of the species I studied evidently increased substantially in abundance in 
prehistoric times correlative with expanding ice habitat during times of increased 
glaciation. The earlier speculation that crabeater seal populations might have increased 
substantially with the reductions in krill-eating competitors is not supported by my 
analyses. The rank order of my NE estimates does not coincide with those of previous 
direct counts surveys suggests that population size of Ross seals is not adequately 
estimated by surveys as traditionally conducted.  
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Table 3.1.  Genetic diversity and female effective population sizes in pack ice seals. Number of individuals (N), number of 
haplotypes (n), number of singleton haplotypes (n singletons), percent singletons (%), haplotype diversity (h), mean pair wise 
differences between sequences (π) with standard deviation (SD), Bayesian estimate of diversity (Θ) with upper and lower 95 
percentile, range of female effective population size estimated for Θ (ΝEF), and the ratio of genetically effective size to census 
size NE
N
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ . 
 Species 
Parameter Weddell seal crabeater seal Ross seal 
N (n)  181 (83)  143 (135)  41 (33) 
n singletons (%)  49 (59.0%)  127 (94.1%)  26 (78.8%) 
h ± SD  0.98 ± 0.04  0.99 ± 0.01  0.99 ± 0.08 
π ± SD  0.012 ± 0.006  0.027 ± 0.014  0.020 ± 0.011 
Θ (95 percentile)  0.075 (0.055 – 0.085)  0.576 (0.484 – 0.718)  0.088  (0.060 – 0.132) 
NEF  55,600  426,700  65,200 
NE
N
  0.139 – 0.153  0.057 – 0.122  0.592 – 1.0 
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Table 3.2.  Estimation of sudden population expansion in Antarctic seals. Shown are Fu’s Fs test, sum of squared deviation 
(and significance) for the mismatch distribution, Harpending’s raggedness index (and significance), and τ, number of 
generations (and years) before present when the expansion occurred. 
 
 
 Species 
Parameter Weddell seal crabeater seal Ross seal 
Fu Fs (p)  -24.99 (0.00)  -24.09 (0.00)  -20.13 (0.00) 
SSD (Mismatch p)  0.002 (0.56)  0.001 (0.36)  0.006 (0.04) 
Raggedness (p)  0.007 (0.84)  0.002 (0.82)  0.017 (0.05) 
τ  5.74  12.59  — 
Generations (years)  81,246 (731,210)  177,825 (1,600,424)  — 
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Figure 3.1. Map of the Antarctic continent showing the area where genetic samples were 
collected. 
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Figure 3.2a. Mismatch distribution for Weddell seals.  Bars represent observed 
distribution of pair-wise differences among samples and the line shows the distribution 
modeled for sudden population growth.  Note that the Y-axis scales differ among graphs. 
Conformance to the sudden growth model can only be rejected for Ross seals. 
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Figure 3.2b. Mismatch distribution for crabeater seals. Bars represent observed 
distribution of pair-wise differences among samples and the line shows the distribution 
modeled for sudden population growth. Note that the Y-axis scales differ among graphs. 
Conformance to the sudden growth model can only be rejected for Ross seals. 
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Figure 3.2c. Mismatch distribution for Ross seals. Bars represent observed distribution of 
pair-wise differences among samples and the line shows the distribution modeled for 
sudden population growth. Note that the Y-axis scales differ among graphs. Conformance 
to the sudden growth model can only be rejected for Ross seals. 
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Chapter 4: Autosomal and Sex-linked Patterns of Genetic Partitioning in Three Species of 
Antarctic Seals 
 
Introduction 
 
The level of genetic variation in a population (or species) is shaped primarily by 
the forces of mutation, drift, selection and migration, and can be an important clue to the 
evolutionary trends in population size, demography and long-term stability. While 
mutation serves to generate genetic variation, drift tends to counterbalance it by removing 
variation (Hartl and Clark 1997). In the absence of selection and migration, a mutation-
drift equilibrium should be established.  The parameter theta (θ) is the amount of neutral 
genetic diversity expected at equilibrium and equals 4NEμ (for nuclear genes) where NE is 
the genetically effective population size and µ is the mutation rate per gene per 
generation. Theta is large when there is a large population size or high mutation rate (or 
both) and conversely, small θ with a small NE or slow mutation rate (or both). The 
genetically effective population size is usually less than census size (NC), but can provide 
a more useful description of the actual numbers of individuals contributing to each 
generation over evolutionary time.  Several factors conspire to reduce NE relative to NC 
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and include deviations from 1:1 sex ratios, any form of non-random mating, variance in 
reproductive success, fluctuations in population size from one generation to the next, and 
overlapping generations (Hartl and Clark 1997). The ratio, NE
NC
, on average, is often less 
than 0.5, and frequently less than 0.25 (Frankham 1995), with average mammalian ratios 
slightly lower than 0.45. 
Antarctic seals provide an ideal system to capitalize on the relationship of θ and 
the neutral mutation rate to estimate effective population size for several reasons.  Due to 
their relative inaccessibility, Antarctic seals have robust population sizes and have 
enjoyed a history relatively free from anthropogenic disturbances. Four species of 
Antarctic seals, the crabeater (Lobodon carcinphagus), the Ross (Ommatophoca rossii), 
the Weddell (Leptonychotes weddellii) and the leopard seals (Hydrurga leptonyx) are 
more closely related to each other than to any other species, though the relative 
placement of the crabeater and Ross seals is debated (see Higdon et al. 2007, Arnason et 
al. 2006).  All four species appear to have diverged relatively recently, at three points in 
time between 4.3 and 7.1 million years ago (mya) (Higdon et al 2007), or at the most up 
to ~9 mya (Arnason et al. 2006).  This makes direct DNA analysis of homologous 
regions possible, including cross-species amplification of polymorphic microsatellites 
(Galbusera et al. 2000).  Though they are closely related, the three species have 
significantly different life history characteristics and mating systems, including serial 
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monogamy and polygyny. This allows the opportunity to make predictions about female-
only NE estimates (mitochondrial estimates) in relation to biparentally based NE estimates 
(those inferred with autosomal microsatellites). 
Estimating NE in Antarctic pack ice seals is not only useful from a theoretical 
perspective, but population abundance is a critical, but poorly understood, element of 
Antarctic ecology.  Species abundance is particularly important due to the uniquely short 
Antarctic food web and its implications on management models and plans.  For example, 
one of the species in my study, the crabeater seal, feeds exclusively on Antarctic krill 
(Euphausia superba), which is also the primary diet of the six species of baleen whales 
found in the Antarctic.  An abundance or shortage of krill, through natural causes or 
commercial overharvesting (e.g. Bester 1995) or dramatic population size fluctuations of 
baleen whale stocks might result in changes in crabeater seal abundance, or vice versa.  
The decline and near collapse of krill-eating baleen whale populations in the early to mid 
20th century (Macintosh 1970) was hypothesized to have spawned a significant increase 
in crabeater seal abundance (Laws 1977, Mori and Butterworth 2004).  In a 2005 report, 
the International Whaling Commission highlighted the importance, and deficiency, of 
abundance and population trend data of the crabeater seal to the understanding of trophic 
interactions with Southern Ocean whale populations (International Whaling Commission 
2005). 
My research focused on three species of Antarctic seals that have circumpolar 
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distributions and occupy distinct niches.  More is known about the Weddell seal than the 
other two species of seals, due to a breeding population near Ross Island, McMurdo 
Sound, which has been extensively studied since its discovery in 1907 (Wilson 1907), 
and to annual tagging and census studies which have been carried out since 1969 (Stirling 
1969, Cameron and Siniff 2004).  Though they are found in pack ice, Weddell seals 
typically inhabit the landfast ice regions around the continent. The extent of fast-ice 
fluctuates annually due to freeze patterns, changing influence from wind and tides, and 
glacial movement (Ushio 2006).  Breeding-age adults return in the Austral spring to 
breeding-birthing colonies situated in the fast ice, to which they demonstrate a limited 
degree of philopatry.  Davis et al. (2008) used a genetic approach to show some degree of 
genetic differentiation between populations around the continent and demonstrated a 
weak signal of isolation by distance.  Copulation takes place under the ice (Cline et al. 
1971).  Males use their teeth to maintain breathing holes in the ice, and they actively 
guard the 3-dimensional territory surrounding these holes (Kaufman et al. 1975, Bartsh et 
al. 1992).  This allows males to mate with as many females as may share the breathing 
hole and to thwarting access to these females by competing males.  Genetic studies 
indicate that males successfully mate and produce pups with up to five females within a 
season (Gelatt et al. 2000).  Successful males (i.e. those able to reproduce) have a mean 
seasonal reproductive success of 1.2 with a variance of 1.6 (Gelatt et al. 2000).  
Population size census estimates for this species range from 730,000 (Laws 1977) to 
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800,000 (Erickson and Hanson 1990) individuals.  A mitochondrial DNA based female 
genetically effective population size (NEF) estimate was ~55,600, suggesting as many as 
~111,200 total individuals (Curtis, et al. 2009).  While significantly lower than census 
estimates, this number may reflect a regional estimate encompassing roughly 20% of the 
continent (eastern Ross and western Amundsen seas), which was the approximate sample 
collection area (Curtis et al. 2009).  If this were the case, the total NE may be as high as 
~556,000 individuals around the continent and would give a 2NEF
NC
 ratio of 0.70 – 0.76, 
similar to the ~0.5 estimate for other mammals (Frankham 1995).  It is also possible that 
mtDNA estimate represents the circumpolar population size but the mitochondrial DNA, 
per se, is significantly underestimating NEF (Bazin et al. 2006).  In any case, given the 
potential for philopatry (and higher potential for inbreeding) and a polygnous mating 
system, I would expect that the ratio of neutral, biparentally inherited nuclear DNA 
estimate of NE (NEA) to 2NEF would be smaller for Weddell seals than for the other 
species where these attributes are not present.  In other words, the Weddell seal NEA
2NEF
 
ratio should be less than that for crabeater or Ross seals. 
Crabeater seals (L. carcinophagus) are distributed throughout the perimeter of the 
Antarctic continent, and young seals occasionally travel in large groups and sometimes 
for great distances.  No significant level of population genetic subdivision has been 
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detected (Davis et al. 2000, 2008), suggesting a single, panmictic population likely due to 
high levels of gene flow around the continent.  Crabeater seals utilize the floating pack 
ice for breeding, and are thought to be serially monogamous (Siniff et al. 1979).  
Population size has been estimated at 7 to 15 million individuals (Laws 1977, Erickson 
and Hanson 1990).  An estimate of NEF was ~426,700, suggesting as many as ~853,400 
total individuals (Curtis et al. 2009).  Thus a 2NEF
NC
 ratio of 0.057 – 0.122; an order of 
magnitude smaller than commonly seen. Assuming crabeater seals are a single, panmictic 
population and are serially monogamous with a 1:1 sex ratio, I would expect NEA
2NEF
≈ 1.0.  
Comparatively little is known about the Ross seal (O. rossii).  They appear to be 
solitary, and utilize the stable ice floes on the exterior of the pack ice to molt, while they 
give birth on the more densely packed interior pack ice (Splettstoesser et al. 2000, 
Stewart 2007).  Though they have a circumpolar distribution, higher numbers may be 
found in the Ross Sea, King Haakon VII Sea, and perhaps portions of the western 
Weddell Sea (Stewart 2007).  They may spend much of the rest of their time to the north 
of the pack ice, alone in the open water (Stewart 2007).  There is no indication of 
population genetic subdivision (Davis et al. 2008).  The mitochondrial DNA based NEF, 
was ~65,200, suggesting as many as ~130,400 total individuals (Curtis et al. 2009), 
which is very similar to the circumpolar census estimates of 131,000 to 220,000 (Laws 
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1977, Erickson and Hanson 1990).  Not enough information exists to speculate on their 
mating system, nor the ratio of NEA to NEF. 
 To gain a better understanding of the relationship of female genetically effective 
population sizes to the overall genetically effective population sizes within and among 
these three species, I compare and contrast NEA based on biparentally inherited 
microsatellites with previously published mitochondrial 2NEF and census size estimates.  
In addition, I examined one X-linked microsatellite and two Y-linked DNA sequences 
totaling approximately 740 nt.  I also assess long-term population stability by looking for 
signs of recent, sustained population bottlenecks. 
 
 
Methods 
Samples 
 
Tissue samples were collected from 214 free-living Weddell seals (L. weddellii), 
175 crabeater seals (L. carcinophagus) and 41 Ross seals (O. rossii) via remote darting or 
direct handling during the Antarctic Pack Ice Seal (APIS) multidisciplinary cruise 
(Decker et al. 2002) in the Austral summer of 2000.  Although all three species are 
circumpolar, most samples were collected from the pack-ice zone of the western 
Amundsen and eastern Ross seas, approximately 67° – 78° South and 129° – 180° West 
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(Figure 4.1). Some L. weddellii samples came from McMurdo Sound, in the western Ross 
sea.  Collection date and location data was available for all individuals.  Sex and other 
biometric data were available for some but not all individuals.  Sex of most individuals 
was determined or confirmed using ZFX and ZFY genetic screening (Curtis et. al., 2007).  
Samples were either stored in ethanol or frozen at –80° C until DNA extraction. 
 
 
Laboratory methods 
 
Autosomal and X-linked Microsatellites 
 
DNA was purified using standard phenol-chloroform techniques or using a 
DNeasy Tissue Kit (Qiagen, Valencia, CA), and 5 µl of total cell DNA was visualized on 
a 0.8% agarose gel stained with ethidium bromide to assess DNA quality.  Dinucleotide 
microsatellites were amplified using the primers designed by Davis et al. (2002), and 
forward primers were fluorescently labeled (Integrated DNA Technologies, Inc., 
Coralville, IA).  Polymerase chain reaction (PCR) amplification products were visualized 
on a 2% agarose gel stained with ethidium bromide to assess efficiency and fidelity of 
amplification.  Microsatellite PCR amplifications took place in three multiplex reactions 
pooling loci Lw18, Hl15, Hl16, and Hl20 (annealing temperature of 56° C), Lw10, Lw11, 
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and Lw16 (57° C), and Hl4, Lc5, and Lw8 (55° C).  Lw18, Hl15, Hl16 and Hl20 were 
screened simultaneously on an ABI 3100 Genetic Analyzer (Iowa State University 
Sequencing Facility), with the remaining six loci being pooled and screened separately.  
DNA amplifications were generally a 10 µl reaction containing 0.5 µl total cell DNA, 1 
X reaction buffer (Promega, Madison, WI), 2.0 mM MgCl2, 0.2 mM of each dNTP, 10 
pmol of each primer, 6 μg bovine serum albumen, and 1.25 U Taq polymerase 
(Promega).  Thermocycling conditions for microsatellites followed a standardized 
protocol of 94° C for 1 min, 30 cycles of 94° C for 45 sec, annealing temperature for 45 
sec, and 72° C for 1 min followed by a final extension of 72° C for 7 min.   
 
 
Y Chromosome Sequences 
 
I amplified a portion of the 8th intron of the Y-linked DEAD-box Y gene (DBY8) 
using the mammalian primers DBY8F - 5'–CCCCAACAAGAGAATTGGCT–3’and 
DBY8R - 5'–CAGCACCACCATAKACTACA–3' (Hellborg and Ellegren 2004). I 
amplified approximately 560 nt of the 11th intron of the Y-linked Ubiquitously 
Transcribed Tetratricopeptide Repeat gene (UTY11) locus using the mammalian primers 
UTY11F: 5’–CATCAATTTTGTAYMAATCCAAAA–3’ and UTY11R: 5’–
TGGTAGAGAAAAGTCCAAGA–3’(Hellborg and Ellegren 2004). Amplifications were 
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as previously described except they were 50 µl reactions.  Thermocycling conditions for 
UTY11 followed a touchdown protocol of 94° C for 1 min and 35 cycles of 94° C for 1 
min, an annealing temperature for 1 min starting at 55° C and decreasing 0.25° C every 
cycle, and 72° C for 1 min followed by a final extension at 72° C for 7 min.  
Thermocycling conditions for DBY8 followed a similar touchdown protocol, except that 
all cycles except the final extension were 30 seconds and the touchdown annealing cycle 
started at 65° C.  PCR products were visualized on a 2% agarose gel stained with 
ethidium bromide to assess efficiency and fidelity of amplification.  For all Y 
chromosome specific primer sets, two female samples were also amplified in each batch 
of male amplifications to serve as a negative control.  PCR amplification products were 
purified using either Microcon® Centrifugal Filter Units (Millipore Corp., Billerica, MA) 
or QIAquick spin columns (Qiagen, Inc., Valencia, CA) and quantified on an agarose gel 
stained with ethidium bromide.  Approximately 100 ng of purified product was used as 
template in sequencing reactions and sequenced in one or both directions on an ABI 
3730XL sequencer (Macrogen Inc., Seoul, South Korea or the University of South 
Florida Sequencing Facility, Tampa, FL).  Due to the minimal amount of observed 
variation, sequences were sequenced in both directions only when there was any 
ambiguity or potential variable sites.  Forward and reverse sequences were aligned and 
joined using Sequencher software (GeneCodes Corp., Ann Arbor, MI), and edited, when  
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necessary.  Multiple sequences were aligned using Clustal W (v.1.83, Chenna et al. 
2003). 
 
 
Data Analyses 
 
All loci were analyzed using Genescan software (Applied Biosystems, Inc., Foster 
City, CA).  Number of alleles and heterozygosity were estimated using the Excel 
microsatellite toolkit v3.1 (Park, 2001).  Hardy-Weinberg exact test and deviation from 
equilibrium frequency and linkage disequilibrium estimated for all autosomal loci were 
done using GENEPOP v3.4 (Raymond and Rousset 1995).  The program 
BOTTLENECK (Piry et al. 1999) was used to look for signs of recent bottlenecks 
(heterozygosity excess) within each species.  It is most sensitive in detecting bottlenecks 
2NE – 4NE generations in the past depending on the severity of the bottleneck and the 
mutation rate of the loci being analyzed.  This program calculates expected 
heterozygosity at mutation-drift equilibrium (HEQ) based on the number of alleles at a 
locus and sample size using the infinite alleles model (IAM), the stepwise mutation 
model (SMM), and the two-phase model (TPM, an intermediary between the two).  The 
HEQ estimates are averaged across loci and compared with the observed levels of 
heterozygosity, with a null hypothesis of no heterozygosity excess.  I did not use the IAM 
 60 
 
model because the SMM and TPM are most appropriate for evaluating microsatellite data 
(DiRienzo et al. 1994, Luikart and Cornuet 1998, Piry 1999).  I allowed 95% single 
stepwise mutations and 5% multi-step mutations in the TPM, with a 12% variance among 
multiple steps, as recommended by Piry et al. (1999).  I focused on the Wilcoxon’s 
signed rank test, which is suggested by the authors to be the most powerful with < 20 loci 
(minimum of four loci required).  Locus specific θF values were estimated for all species 
at the ten loci (Xu and Fu 2004) using the ThetaF program (H. Xu, pers. comm.).  To 
estimate the effective population size (NEA), the mean of θF across all nine autosomal loci 
within each species was used as a surrogate for θ in the equation NEA = θ
4μ  where μ is 
the mutation rate per gene per generation under the assumption of mutation-drift 
equilibrium.  Because locus Lw18 is X-linked (Davis et al. 2002), the sex of all 
individuals was determined a priori through a combination of field and lab screening 
(Curtis et al. 2007) and females possessing a single Lw18 allele were designated as 
homozygotes.  The equation NEX = 
θ
3μ  (Yu et al. 2002) was used to estimate the 
genetically effective X-linked population size (NEX) for Lw18 using female samples only. 
 Several microsatellie studies of mammals, including seals, have estimated or assumed 
mutation rates of 10-3 – 10-6 mutations per gene per generation (Schlotterer 2000, Palo et 
al. 2001, Kretzmann et al. 2006, see Ellegren 2000 for review). Here, I use10-5 to 
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estimate effective population size because it is the most frequently cited rate, is 
approximately in the middle of the cited range, and faster or slower rates change the 
genetically effective population size linearly. 
 
 
Results 
Microsatellites 
 
All nine autosomal loci successfully amplified product in each species.  Table 4.1 
shows the number of individuals, number of alleles, and observed and expected 
heterozygosity at each locus for each species. L. carcinophagus showed the highest 
number of alleles and the highest heterozygosity at most loci and L. weddellii had the 
lowest heterozygosity (though not always the lowest number of alleles) at most loci 
(Table 4.1). Allele sizes and numbers of alleles at each locus were consistent with those 
observed in the same species by Davis et al. (2002, Table 4.1).  The mean sizes of alleles 
did not differ significantly in pairwise comparisons among species (Student’s one-tailed 
t-test, data not shown).  Some loci did not amplify in every individual. All loci in all 
species were in Hardy-Weinberg genotypic frequency equilibrium except for two in L. 
carcinophagus (Table 4.1).  Two sets of loci were statistically linked in L. weddellii and 
O. rossii, and four sets of loci were linked in L. carcinophagus (data not shown).  The 
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linked loci differed, however, among species; therefore I include all available loci in the 
analyses. 
I did not detect significant heteryozygosity excess in any species using 
BOTTLENECK (Piry et al. 1999).  Under the SMM or the TPM, the Wilcoxon test 
showed no patterns of excess heterozygosity in any species. The data do suggest 
heterozygosity deficiencies in all three species under the SMM, though under the TPM, 
L. carcinophagus was not significant (P = 0.29), while the other species were (P = 0.00 – 
0.01).   
Estimates of θF vary widely across loci within a species and across species at a 
locus (Table 4.2). Locus Lc5 had, by far, the lowest θF estimates for all species. The 
autosomal arithmetic means of θF were 5.91, 13.80, and 37.58 for L. weddellii, O. rossii, 
and L. carcinophagus, respectively  (Table 4.2).  Using a mutation rate of 10-5 resulted in 
genetically effective population sizes of 147,850 to 939,600 across species (Table 4.3).  
For the X-linked microsatellite locus, Lw18, no female homozygotes were observed in O. 
rossii, although they were seen in the other two species. For L. carcinophagus and O. 
rossii, the θF estimates at Lw18 were larger than the arithmetic mean across autosomal 
microsatellites, though this was not the case for L. weddellii (Table 4.2).  
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Y Chromosome Variation 
 
Sequences from both Y specific primer pairs aligned with high sequence identities 
to Y-specific regions in the National Center for Biotechnology Information human 
genome database.  UTY11 aligned with 83% identity to Homo sapien Ubiquitous TPR-
motif Protein Y isoform (UTY) gene (Genebank accession number AF265575, Shen et 
al., 2000).  DBY8 aligned with 84% identity to a Y chromosome region encompassing 
part of a DEAD-box protein gene, exons 9 and 10 and the intron between them (Genbank 
accession number AC004474, Birren et al. 1999 unpublished).  DEAD-box proteins, 
named for the presence of the amino acid sequence ‘D-E-A-D’ (motif II or the Walker B 
motif), play an important role in RNA metabolism (Linder 2006).  These high sequence 
identity alignments, coupled with sex-restricted amplification (in males only), support 
that my sequences were from the Y chromosome. 
I sequenced a total of 224 male seals for the DBY8 locus, including 26 O. rossii, 
88 L. carcinophagus, and 110 L. weddellii, discovering five new haplotypes, two in L. 
weddellii, and two in L. carcinophagus (Genbank accession numbers FJ813489-
FJ813491).  The two L. weddellii haplotypes differed by one G/C transversion, and the 
rare haplotype was shared by two, non-nuclear family individuals. These two individuals 
were genetically similar at the autosomal loci, but clearly had different mothers (i.e., 
mtDNA haplotypes) and fathers (i.e., different DBY8 sequences).  The two L. 
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carcinophagus haplotypes differed by one A/G transition, and the rare haplotype was 
observed in a single individual.  The DBY8 sequence, excluding primer sequences, was 
141 nt in all three species.  All three seal species differed by at least one base pair at 
DBY8 (Appendix 1).   
I sequenced a total of 196 male seals for the UTY11 locus, including 25 O. rossii, 
78 L. carcinophagus, and 93 L. weddellii, discovering four haplotypes (Genbank 
accession numbers FJ813492-FJ813494). There were two haplotypes in L. weddellii 
differing by one A/G transition. No variation was found in O. rossii or L. carcinophagus 
at either locus.  When comparing the sequences among species, there are eleven variable 
sites, including six transitions, two transversions, and three indels (Appendix 1). 
 
 
Discussion 
 
My assessment of genetic variation in autosomal microsatellites suggests that 
Weddell, Ross, and crabeater seals have levels of intraspecific variation similar to those 
reported for other large mammals (Paetkau et al. 1995, Simonsen et al. 1998).  The levels 
of diversity also fit into the range of published estimates for pinnipeds (Table 4.4), 
though direct comparisons should be made with caution due to differences in 
experimental design and population sampling among studies.  At the low end of the rage, 
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the critically endangered Mediterranean monk seal (Monachus monachus), whose 
population size has declined to an estimate maximum of 430 individuals divided between 
two remaining populations, has published heterozygosity estimates ranging from 0.23 to 
0.35 (Pastor et al. 2007).  A similarly low level of heterozygosity is seen in the Hawaiian 
monk seal, Monachus schauinslandi, (0.48) which has a current population size estimated 
of 1,247 seals (Schultz et al. 2008).    
Of the species surveyed for this study, the Weddell seal has the lowest 
heterozygosity (Table 4.4). Similar levels were reported for northern European harbor 
seals, Phoca vitulina, (Goodman 1998, Table 4.4), whose population was nearly halved 
in 1988 due to a severe outbreak of phocine distemper virus (Goodman 1998), though it 
appears to have rebounded. Antarctic seals are thought to be minimally 
anthropogenetically impacted and the five lowest heterozygosity levels seen are from 
northern hemisphere seals (Table 4.4). Given the remoteness of the Antarctic, it seems 
unlikely that the Weddell seal has experienced significant recent population reductions 
unless they were naturally caused. An assessment of mtDNA in Weddell seals (Curtis et 
al. 2009) did, however, indicate that the Weddell seal went through a population 
expansion approximately 731,000 years ago possibly due to glaciation induced increases 
in fast and pack ice around Antarctica. Nonetheless, given that microsatellites mutate 
very quickly, I expect that there has been sufficient time in the ~81,000 generations since 
the population expanded for several new alleles to arise.  High heterozygosities, similar 
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to those in the crabeater seals tended to be associated with seals of high population 
abundance (but see Twiss et al. 2006). Antarctic fur seals (Arotocephalus gazella) are 
estimated to number 4 – 7 million and (Scientific Committee on Antarctic Research, 
2006) and have observed heterozygosities of 0.81, comparable to the crabeater frequency 
of 0.78.  Interestingly, Curtis et al. (2009) showed that the crabeater seal went through a 
similar population size expansion. This expansion, however, occurred much earlier (i.e., 
~1.6 mya) and it is possible that any loss of heterozygosity would have been regained. 
Heterozygosity for the Ross seal is high, and falls between that seen in the Weddell and 
crabeater. Interestingly, the rank order of heterozygosities matches the rank order of the 
genetically effective population sizes estimated from mtDNA (Curtis et al. 2009) and 
autosomal microsatellites (see below). 
I found no evidence suggesting that any of the species in my study underwent a 
recent population bottleneck (data not shown), or at least not one in the past 2NE to 4NE 
generations, the reported detection range of the statistical analyses.  A slow, gradual 
population decline would be unlikely to result in a statistically significant heterozygosity 
excess, and would not likely be detected using this type of analysis.  Assuming NEs of 
111,200 for L. weddellii, 130,400 for O. rossii, and 853,400 for L. carcinophagus (Curtis 
et al. 2009), and an average age at reproduction (i.e., generation time) of 9 years (Curtis 
et al. 2009), the timeframe I examined would roughly correspond to 2 – 4 mya for L. 
weddellii, 2 – 5 mya for O. rossii and 15 – 30 mya for L. carcinophagus.  If the average 
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age at reproduction or NE estimates are off, this time frame would shift proportionally 
forward or backward in time, but the detection a bottleneck would not be effected.  The 
BOTTLENECK analysis does indicate heterozygosity deficiencies (not shown) in all 
three species under the SMM and for two species in the TPM, which suggest the 
populations may have experienced a population expansion at some point in the recent 
past (Luikart and Cornuet 1998).  This is consistent with the previous mtDNA estimates 
(Curtis et al. 2009) and the time of expansions are well within the above time frames.  
Mitochondrial DNA analysis, however, did not unambiguously reveal a population 
expansion for O. rossii (Curtis et al. 2009). It is possible that if this species underwent a 
significant expansion, it was smaller in scale than the others, or that it took place in a 
time range undetectable by mitochondrial signals. Nevertheless, as expected, these 
populations of Antarctic seals have not experienced dramatic declines in population sizes 
and are more likely to be increasing in size over evolutionary time. 
Before I turn to estimates of genetically effective population size, I would like to 
address several caveats.  It is possible that my genetic results include ascertainment bias 
in the microsatellite loci which can artificially deflate heterozygosity and θF.  The 
microsatellite markers that I used were originally isolated from the three, closely related 
species, L. carcinophagus (Lc5), L. weddellii (Lw10, Lw11, Lw16, and Lw18) and the 
leopard seal, Hydrurga leptonyx, (Hl4, Hl15, Hl16, and Hl20). The leopard seal is 
believed to be the sister taxa of the Weddell seal. It has been shown that microsatellite 
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loci can show reduced heterozygosity and numbers of alleles when applied to species 
from which they were not originally isolated (i.e., cross species applications, Hutter et al. 
1998). They also tend to have shorter pure repeat regions (i.e., are interrupted, Amos et 
al. 2003, Vowels and Amos, 2006) and shorter overall allele lengths in non-focal species 
(Amos et al. 2003). I do not, however, think that assertainment bias is significantly 
affecting the analyses. One-tailed student t-test (data not shown) did not indicate 
statistically significant differences in the number of alleles in cross- versus non-cross 
species applications. Of the 30 locus by species comparisons, six are non-cross species 
applications.  Of these six, the lowest relative per-locus allelism is seen in five of them 
and in all cases, the highest allelism is seen in cross-species applications. The same 
pattern generally holds for heterozygosity levels, as well (Table 4.1). Much of this pattern 
is due to the crabeater seal showing overall higher levels of variation then the other two 
species likely due to a larger population size. Even so, if the crabeater seal is excluded the 
highest levels of heterozygosity and allelism are still seeing in the cross species 
applications. 
A second caveat concerns the mutation rate. As with all population size estimates, 
those based on microsatellite diversity are reliant on mutation rates.  Unlike most DNA 
sequences, however, microsatellite mutation rate estimates may vary by up to four orders 
of magnitude.  Mammalian microsatellite mutation rates range from 10-2 to 10-6 
(Schlotterer 2000). Other studies using microsatellie have estimated or assumed mutation 
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rates of 10-3 – 10-6 mutations per gene per generation (Schlotterer 2000, Palo et al. 2001, 
Kretzmann et al. 2006.  See Ellegren 2000 for review). For my analyses, I used a 
mutation rate in the middle of this range (10-5, Table 4.3).  It is important to note that if 
my mutation rate estimate is off by an order of magnitude the NE estimates would also be 
off by an order of magnitude.  This would not, however, affect the rank order of 
population estimates among the species.  I do, however, believe that the mutation rate I 
am using is a good approximation of the average mutation rate across the microsatellite 
loci in my study and is one that is commonly seen in large mammals. 
Estimates of θF vary widely across loci within a species and across species at a 
locus (Table 4.2). Locus Lc05 had, by far, the lowest overall θF estimates. In Le weddellii 
and O. rossii this is likely due, in part, to a small number of alleles and very low 
heterozygosity levels. This cannot, however be the case for L. carcinophagus where Lc05 
had the lowest θF but 12 alleles.  In this case, the low θF was probably driven by highly 
unequal allele frequencies where one of the 12 alleles was seen at a frequency of 60%, 
and the next highest frequency was 1%. In general, however, single loci are poor 
estimators of θ and the accuracy of the overall estimation of NE is proportional to the 
number of loci (Felsenstein 2005). As such, most of the remainder of the discussion will 
focus on estimates using all autosomal loci combined. 
The rank order of microsatellite NEAs are in agreement with the mitochondrial 
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estimates for the three species (Curtis et al. 2009), with L. weddellii showing the smallest 
effective population size, followed by O. rossii and L. carcinophagus the largest (Table 
4.3).  This is something of a surprise because the census estimates for O. rossii typically 
are lower than those of L. weddellii (Table 4.3).  Even so, the agreement between the two 
types of markers (and, generally, at each microsatellie locus, individually) indicates that 
this is likely to be a genuine, biological attribute of the species. It is possible that the 
census sizes accurately reflect the true population sizes, but a sustained reduction in size 
occurred for L. weddellii lowering NEA for this species. I did not, however, recover any 
indication that any of the species have undergone bottlenecks (data not shown). It is also 
interesting to note that O. rossii has a larger overall NEA estimates than the Weddell seal 
as well as on a locus-by-locus basis. As with the mtDNA estimate, NEA for the Ross seal 
is nearly as large if not larger than the census size (Curtis et al. 2009); an unlikely 
outcome. This supports the statement made by Curtis et al. (2009) that Ross seal 
population sizes may be significantly underestimated by traditional census survey 
techniques. 
   While the rank order of NE estimates remains consistent between mitochondrial 
and microsatellite analyses, the estimates of NEA were not the same as 2NEF. For the most 
part, however, NEA and NEF are fairly similar and both much lower than the census size. 
For L. carcinophagus, NEA = 3939,600 and 
NEA
2NEF
 = 0.91 (Table 4.3) indicating that both 
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types of markers agree that the NE for this species is ~1,000,000 individuals.  The per 
locus estimates of NEA are also fairly consistent and indicate an effective size of about 
1,000,000 individuals (Table 4.2). This is, however, significantly lower than the 
published circumpolar census estimates of 7 to 15 million individuals (Laws 1977), and 
results in an NEA
NC
 ratio of 0.06 to 0.13, much lower than typically observed in mammals 
(Frankham 1995). There is a similar pattern for Le weddellii with an NEA
2NEF
 of 0.75 and 
NEA
NC
 = 0.185. There are several factors that result in NE being lower than NC. In the 
Curtis et al. (2009) study, it was suggested that mtDNA might be underestimating the 
true NE for these species. Given the general agreement of the nuclear and mitochondrial 
results, this is unlikely. Further, since mtDNA estimates only the female effective size, a 
1:1 sex ratio was assumed and NEF was doubled to approximate the full genetically 
effective population size. For the crabeater seal, this appears to have been a supportable 
assumption. If the sex ratio was not 1:1, then I would expect NEF > NEA. Although these 
two estimates are not identical they differ by only very little and are likely well within 
each other’s range of deviation.  
The Weddell seal is know to be polygynous and as such, it is expected 
that NEA
2NEF
< 1.0 because, although all females can mate each season, not all mature males 
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can. Here, again the estimates are fairly similar, although the nuclear estimate is larger 
than the mitochondrial. There is no question that Weddell seals are polygynous so an 
explanation for this reversed results must lie elsewhere. It is possible, as mentioned 
previously, that the mtDNA can be underestimating NEF. I doubt that this is generally the 
case given the similarity between the markers results and an expected pattern in the 
crabeater seal. Any underestimation would also have to be species specific since the 
mtDNA and microsatellite estimates for L. carcinophagus are remarkable similar as 
expected. It could be that the mutation rate I chose for the microsatellites is too slow and 
thus is overestimating NEA. Changing the mutation rate from 1.0 X 10-5 to 2.0 X 10-5 
lowers NEA for Weddell seals to 73,900. This then would make NEA < NEF, as anticipated. 
This also, however, would result in NE
NC
 = 0.092, a value nearly an order of magnitude 
lower than is typically seen in mammals (Frankham 1995, but see Avise et al. 1988). This 
change, however, would also have to apply to the other species and would reduce NEA for 
the crabeater seal to approximately half of 2NEF estimated from mtDNA where NEA is 
expected to, and does, equal 2NEF. It would also further reduce the census size to 
genetically effective size ratio in crabeaters making it even more unlike what is seen in 
mammals. It is possible that the microsatellites are overestimating NEA in L. weddellii. 
There is considerable variation among the per-locus estimates of θF (0.01 – 28.34, Table 
4.2), although most of the loci have values less than 10.0.  It is possible that some form of 
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diversifying selection is acting on some loci but not others (Kashi and Soller 1999, 
Barker et al. 2009 ).  If I remove the locus with the largest θF value (Lw10), NEA = 77,800 
(Table 4.2) for the Weddell seal and is now about 70% less then the value of NEF, as 
would be expected from a polygynous species. There is, however, a corresponding 
reduction in the genetically effective and census size ratio. Even so, I think that the NEA 
estimated excluding Lw10 is likely more accurate (reduced data, Table 4.3). 
As with the mitochondrial estimate, the autosomal NE for Weddell seals is lower 
than the published census size estimates of 730,000 (Laws 1977) to ~800,000 (Erickson 
and Hanson 1990), and results in an NE
NC
 ratio of 0.10 – 0.11, also lower than typically 
observed.  Given that population subdivision was noted in samples separated by more 
than 700 km (Davis et al. 2008), it is possible that I am sampling a regionally subdivided 
population, and therefore the NEA and NEF may be regional estimates encompassing only 
the western Amundsen and eastern Ross seas.  In their 1990 survey, Erickson and Hanson 
estimated that there were ~50,000 Weddell seals in the Ross Sea. If I were estimating the 
number of seals in just this area, the census size would then be smaller than the 
genetically effective size; an unlikely situation. Erickson and Hanson (1990), however, 
do caution that their population size estimates are very conservative and likely 
underestimate true abundances. My samples cover approximately 60o longitude, which is 
less than 20% of the circumference of Antarctica.  If I assume that the distribution of 
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Weddell seals around Antarctica is uniform and I have sampled a discrete subpopulation, 
that would put the total effective population size at ~739,250 individuals, which roughly 
corresponds to the direct census estimates. 
The Ross seal autosomal estimate of nearly 350,000 is enigmatic for two reasons.  
First, NEA for the Ross seals is 2.6 times larger than 2NEF. Second, NEA is larger then the 
census size by a factor of ~1.6 (Table 4.2), an unlikely result. As with the Weddell seal, 
there are several factors that could account for this. Again, mitochondrial estimates may 
simply be underestimates of NE (Bazin et al. 2006), though this would not explain why 
autosomal NE exceeded the published census estimates (Erickson and Hanson 1990). 
Unlike both the Weddell and crabeater seals, O. rossii did not show a clear sign of 
population expansion with mitochondrial DNA (Curtis et al. 2009).  It did, however, 
show a heterozygosity deficit in BOTTLENECK, suggesting that they may have 
experienced a more recent population expansion, detectable with faster mutating 
microsatellite markers, but not yet reflected in the mitochondrial DNA.  A sudden, recent 
population expansion, however, would result in a smaller, not larger, NEA. This also does 
not, however, explain why NEA is so much larger than NC. As with the Weddell seal, I 
believe that some of my data are obscuring the accurate results. The per locus estimates 
of θF seen in the Ross seal also have a considerable range of values (0.04 – 57.53, Table 
4.2). Most loci, however, indicate small values of θF and are generally less than 11.0 
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(Table 4.2). If I remove the two autosomal loci with the largest θF values (Lw10 and 
Lw11, 57.53 and 34.18, respectively), NEA = 116,000 and is only slightly smaller than 
NEF. This would also mean that both NEA and NEF give genetically effective to census size 
ratios similar to other mammals of 0.53 and 0.59, respectively. If these new estimates are 
accurate I could then conclude that the Ross seal, like the crabeater, likely has a serially 
monogamous mating system with an even sex ratio.  
Genetically effective population size (NEX) estimated with the single X-
chromosome marker (Lw18) were roughly in line with or slightly higher than both 
mitochondrial and autosomal estimates of NE for L. weddellii and L. carcinophagus 
(Table 4.2). As mentioned earlier, caution should be used with inferences based on a 
single locus. The NEX of O. rossii, however, was over 5 million, which is more than an 
order of magnitude higher than the NEA or 2NEF.  I am at a loss to adequately explain why 
this estimate is so different from all other estimates and believe that it is anomalous. 
Forces, such as selection, tend to have a greater impact removing variation in autosomes 
than in X chromosomes and hitchhiking may be a more powerful force on the X 
chromosome (Betancourt et al. 2004).  Using a total of 133 microsatellites, Kauer et al. 
(2002) found statistically elevated average heterozygosity on the X chromosome (H = 
0.75) than autosomes (0.62) in African Drosophila populations, and this trend has been 
seen in other studies as well (e.g. Andolfatto 2001, Payseur and Nachman 2002).  Until 
more X-linked microsatellites or other X-linked markers are surveyed, I cannot know if 
 76 
 
this is a quirk of a single locus or characteristic of the chromosome. 
I found a limited intraspecific variation for Weddell seals and crabeater seals at 
the Y-linked DBY8 and UTY11 loci. There was, however, some intraspecific variation 
within Weddell seals at the UTY11 locus.  Due to their polygynous mating system, 
however, male L. weddellii should have a reduced effective population size than females, 
and I expected to find reduced levels of male diversity among L. weddellii relative to 
mitochondrial diversity as well as to L. carcinophagus which is not the case.  Overall, 
however, the level of variation is quite low and no statistical analysis of the data is 
possible.  I did not find any variation in O. rossii Y chromosome loci, most likely due to 
small sample size and the apparent slow evolutionary rate for this marker.  Given the 
higher diversity patterns (than L. weddellii) shown with both mitochondrial and 
microsatellite analyses for the Ross seal, I would expect further screening with Y 
chromosome markers to reveal genetic variation.  I expect that further screening with 
these and other Y chromosome markers would reveal more genetic variation within all 
three species, which could render them useful in paternity analysis.  These loci can, 
however, be used to identify samples to the species level and for future Y chromosome 
phylogenies of pinnipeds and higher order mammals. 
In summary, my autosomal NEA estimates were roughly in agreement with 
previous 2NEF estimates with mitochondrial DNA for L. weddellii and L. carcinophagus, 
though both are less than census estimates and in the case of L. carcinophagus quite 
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significantly. This may suggest that some level of yet undetected circumpolar population 
structure exists for this species and my estimates are for a localized area.  O. rossii NEA 
was higher than that estimated with mitochondrial DNA, as well as being greater than 
census size estimates.  The latter, however, is unlikely to be true and non-neutral forces 
on two loci may have resulted in anomalously high θF values. If I remove these loci from 
the analysis, the Ross seal NEA estimate is less than the NC and nearly equal to 2NEF. 
Similarly, when I removed one locus with an exceptionally large θF value from the 
analysis of the L. weddellii, autosomal estimates of NE were, as expected for a 
polygynous species (i.e., lower than 2NEF). I find that an approach integrating genetic 
markers with different modes of inheritance (biparental, maternal, and paternal) as well 
as varying mutation rates is useful in focusing on evolutionary trends occurring at 
varying points in the evolutionary history of a species. Concordance among markers and 
expectations based on inheritance mode can more powerfully reveal biologically 
meaningful demographic patterns. 
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Table 4.1. The number of individuals (N), expected (Hexp) and observed (Hobs) heterozygosities, and number of alleles (A) seen at 
microsatellite loci in three Antarctic pack-ice seals. Observed heterozygosity values in bold were statistically significant deficits  
(p ≤ 0.01).  
 
 
Species Locus  
Le. weddellii Hl4 Hl15 Hl16 Hl20 Lc5 Lw8 Lw10 Lw11 Lw16 Lw181 Average ± SD
N 188 184 192 165 143 184 141 142 186 79(108) 163.3 ± 28.3
Hexp 0.26 0.59 0.63 0.63 0.04 0.29 0.88 0.81 0.78 0.68 0.56 ± 0.27
Hobs 0.24 0.61 0.65 0.63 0.04 0.29 0.92 0.82 0.80 0.62 0.56 ± 0.28
A 7 22 8 7 3 4 11 13 10 10 9.5 ± 5.4
Lo. carcinophagus      
N 141 147 154 135 140 145 153 86 148 65(126) 137.5 ± 19.9
Hexp 0.81 0.90 0.90 0.84 0.65 0.91 0.69 0.91 0.94 0.91 0.85 ± 0.10
Hobs 0.78 0.93 0.87 0.54 0.54 0.87 0.70 0.86 0.88 0.85 0.78 ± 0.14
A 11 22 17 10 12 18 9 17 28 17 16.1 ± 5.9
O. rossii      
N 41 40 41 22 18 40 40 40 41 15(23) 34.6 ± 9.5
Hexp 0.52 0.65 0.68 0.82 0.11 0.69 0.92 0.89 0.82 0.95 0.71 ± 0.25
Hobs 0.51 0.63 0.68 0.73 0.00 0.63 0.90 0.85 0.83 1.00 0.68 ± 0.28
A 4 4 10 11 2 6 19 13 12 19 10.0 ± 6.0
  
 
1 This locus is X-linked so the number of females and total number (in parentheses) are listed separately and the heterozygosity represents 
only females. The total number of individuals regardless of sex was used in calculating the average and standard deviation of the number 
of individuals, as well as the number of alleles seen at each locus. 
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Table 4.2.  Autosomal θF estimate (Xu and Fu 2003) and the genetically effective population size (NEA = θF
4μ , and SD) for 
microsatellie loci surveyed in pack-ice seals. The mutation rate (µ) was assumed to be 10-5 per gene per generation. 
 
 
 Le. weddellii Lo. Carcinophagus O. rossii 
Locus  θF NEA  θF NEA  θF NEA 
Hl04 0.20 5,000 10.54 263,500 1.08 27,000
Hl15 1.74 43,500 42.30 1,057,500 2.54 63,500
Hl16 2.22 55,500 36.72 918,000 3.12 78,000
Hl20 2.27 56,800 15.68 392,000 11.10 277,500
Lc05 0.01 300 2.50 62,500 0.04 1,000
Lw08 0.26 6,500 47.09 1,177,300 3.47 86,800
Lw10 28.34 708,500 3.52 88,000 57.53 1,438,300
Lw11 10.30 257,500 52.32 1,308,000 34.18 854,500
Lw16 7.89 197,300 127.59 3,189,800 11.12 278,000
Lw181 3.36 112,000 44.34 1,478,000 161.2 5,373,300
Arithmetic mean ± 
SD 
5.91 ± 
9.15  
37.58 ± 
38.78  
13.80 ± 
19.50  
 
 
1 This locus is X-linked so the effective population index is theta divided by three times the mutation rate and estimated using only 
female samples. The values for Lw18 are not included in the averages or standard deviations. 
able 4.3.   
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Table 4.3.  Estimates of genetically effective population sizes and the ratio of NE to census size (in parentheses) for maternally, 
paternally, and biparentally inherited loci in pack-ice seals based on θF (Xu and Fu 2003) or Θ as estimated using the program 
LAMARC (Kuhner 2006). Values for the autosomal microsatellites were calculated using the arithmetic mean of θF across all nine 
loci. 
 
 
 
     Microsatellite 
  
 
   Mitochondrial  X-linked3  Autosomal3 Autosomal4  Y-linked
Species  Census Size2  2NEF  NEX  NEA 
 Reduced data  yes/no 
L. Weddellii  800,000  111,200 (0.14)  112,000 (0.14)  147,850 (0.19)  77,800 (0.10)  Yes 
L. Carcinophagus  15 million  853,400 (0.07)  1,478,000 (0.10)  939,600 (0.06)  N/A  Yes 
O. rossii  220,000  130,400 (0.59)  5,373,300 (24.45)  344,950 (1.57)  116,000 (0.53)  No 
 
1 Based on Θ from Curtis et al. 2009. Estimated from mitochondrial DNA were doubled assuming that the sex ratio is 1:1. 
2 These are the largest of the published estimates and are from Erickson and Hanson (1990) and Laws (1977).  
3 Mutation rate was assumed to be 10-5.  
4 Single loci with putatively aberrantly large θF values were removed (see text). 
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Table 4.4. Observed and expected microsatellite heterozygosities of seals.  Number of individuals (N), observed heterozygosity (HO), 
expected heterozygosity (HE), and number of loci (A) used in the study.  Studies without published observed heterozygosity were not 
included in this table. 
 
 
 
Species Location N HO H E A Citation
Mediterranean monk seal (Monachus monachus) Eastern Mediterranean ~60 0.23 0.32 24 Pastor et al. 2007
Mediterranean monk seal (Monachus monachus) Western Mediterranean ~60 0.35 0.38 24 Pastor et al. 2007
Harbor seal (Phoca vitulina) Strandings along Dutch coast 204 0.34 0.34 27 Riijks et al. 2008
Hawaiian monk seal (Monachus schauinslandi) Hawaiian archipelago 2409 0.48 0.49 8** Schultz et al.  2008
Harbor seal (Phoca vitulina) Western Atlantic, Northern Europe ~972 0.50 ? 7 Goodman 1998
Weddell seal (Le. weddellii) Western Ross Sea, Antarctica ~163 0.56 0.56 10 This study
Leopard seal (Hydrurga leptonyx) Bird Island, Antarctica 25 0.64 0.66 24 *Davis et al.  2002
Weddell seal (Le. weddellii) Big Razorback Island, Antarctica 96 0.66 0.67 24 *Davis et al.  2002
S. elephant seal (Mirounga leonina) Faukland Islands 263 0.66 0.66 9 Fabiani et al. 2004
Ross seal (O. rossii) Western Ross Sea, Antarctica ~35 0.68 0.71 10 This study
Leopard seal (Hydrurga leptonyx) Bird Island, Antarctica 21 0.70 0.72 18 Davis et al. 2000
Weddell seal (Le. weddellii) East coast and west coast Antarctica 158 0.72 0.73 18 Davis et al. 2000
Gray seal (Halichoerus grypus) North Rona, Scotland 309 0.76 ? up to 11 Poland and Pomeroy 2008
Gray seal (Halichoerus grypus) North Rona, Scotland ~400 0.76 ? up to 11 Twiss et al. 2006
Crabeater seal (Lo. carcinophagus) Western Ross Sea, Antarctica ~138 0.78 0.85 10 This study
Crabeater seal (Lo. carcinophagus) RV Nathaniel B Palmer, 1994 25 0.79 0.83 24 *Davis et al.  2002
Antarctic fur seal (Arctocephalus gazella) Isle de Crozet (in AA circle) ~102 0.80 0.82 6 Kingston and Gwilliam 2007
Subantarctic fur seal (Arctocephalus tropicalis) Isle de Crozet (in AA circle) ~102 0.81 0.82 6 Kingston and Gwilliam 2007
Crabeater seal (Lo. carcinophagus) Around Antarctic continent 49 0.81 0.87 18 Davis et al. 2000
Harp seal (juveniles) (Phoca groenlandica) Northern United States 65 0.83 ? 12 Kretzmann et al. 2006  
 
*We estimated means of HO and HE from published data in Davis et al. 2002. 
**A total of 154 were screened in the study (Schultz et al. 2008), we refer here to the data of the eight polymorphic loci.
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Figure 4.1.  Map of the Antarctic continent showing the area from which the samples 
were collected.
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Chapter 5: Conclusion 
 
The major importance of this dissertation stemmed from estimating effective 
population sizes through several types of genetic markers, those with maternal 
inheritance (mitochondrial DNA), biparentally inherited markers (autosomal 
microsatellites) and sex-linked markers.   In addition, these markers encompassed both 
sequence fragments as well as microsatellites, which have differing modes and rates of 
mutation.  This allowed for several independent lines of investigation with the available 
samples, to the extent that is possible with genetic analyses on the same sample set.  
Concordance between expectations and markers can be a powerful tool in revealing 
biologically meaningful demographic patterns, and discord between markers of varying 
inheritance patterns may provide insight into sex-specific processes including mating 
systems and long term effective sex ratios.  Despite an enormous screening effort, 
however, I was unable to find Y chromosome specific markers with enough variability to 
allow any sort of meaningful statistical analyses, so sex-linked estimations of effective 
population size were limited to a single X-linked microsatellite.  It is likely that 
developing a Y chromosome specific microsatellite library would yield more variable 
markers for this purpose. 
When my data are considered together, it seems likely that Weddell seal effective 
population size is between 111,200 and 147,850 individuals, and reflects a regional 
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population estimate in the western Amundsen and eastern Ross seas.  It seems reasonable 
to postulate this to be the case, as genetic subdivision has been noted in samples 
separated by more than 700 km (Davis et al. 2008).  If I assume that the distribution of 
Weddells is uniform around the continent, and roughly extrapolate this regional estimate, 
it gives an estimate of 556,000 to 739,250 animals, which approaches the census size 
estimates of about 730,000 (Laws 1977) to 800,000 (Erickson and Hanson 1990).   The 
mitochondrial data suggest that these seals underwent a rapid population expansion 
roughly 731,000 years ago, a time of expanding ice habitat and lowering sea levels.  
Populations may have become more robust and expanded their ranges as new and better 
fast ice habitat became available for breeding and molting.  
The effective population size estimate for crabeater seals 853,400 and 939,600 
individuals.  This number is significantly lower than published census estimates of 7 to 
15 million individuals (Laws 1977, Ericson and Hanson 1990).  Given their migratory 
behavior and the present lack of evidence of genetic sub-structuring around the continent 
(Davis et al. 2008), it is possible that this reflects a circumpolar estimate, in which case 
there exists a large discrepancy between census and genetic estimates.  Further 
investigation may reveal some level of undetected geographic subdivision among 
crabeater seals, particularly between east and west Antarctica and perhaps other 
geographically disjunct areas like the Weddell Sea in which case our estimate may be 
limited to a portion of the perimeter of continent.  Both Weddell seals and crabeater seals 
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appear to have undergone rapid population expansions during times of expanding ice 
habitat.  One may postulate that dramatic, long term reductions in ice habitat off the coast 
of Antarctica may have an inverse effect on their population sizes. 
Ross seal effective population sizes varied significantly between mitochondrial 
estimates (130,400 individuals) and autosomal estimates (344,950 individuals), though 
when single loci with putatively aberrantly large θF values were removed the autosomal 
estimate was closer to that of the mitochondria (116,000 individuals), close to the 
circumpolar census estimates of 131,000 to 220,000 individuals (Laws 1977, Erickson 
and Hanson 1990).  Due to the large discrepencies between the mitochondrial, autosomal, 
and X-linked microsatellite data, this species effective population size warrants further 
investigation.  The Ross seal did not show any signs of rapid population expansion, as did 
the crabeater and Weddell seals.  It is interesting to note that the rank order for the three 
species remained consistent with both mitochondrial and autosomal markers, and that 
Ross seal effective population sizes appear to be larger than Weddell seals, which is not 
consistent with published census data.  This may be due to greater genetic subdivision in 
Weddell seals, whereby Weddell seal effective population size estimates reflect a more 
regional estimate (that of the western Amundsen and eastern Ross seas) whereas Ross 
seals reflect a more circumpolar estimate.  Conversely, it is possible that Ross seals are 
undercounted using traditional census techniques.  
These data and effective population size estimates are good starting points, but 
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caution should be used with respect to these estimates and their application in 
management strategies.  Ross seal estimates, based on 41 samples, may not have captured 
a true picture of the genetic variation in the population.  The analyses of more samples in 
this species is critical, and this is arguably true for all the species in the study.  
Additionally, an equal sampling effort from equidistant points around the continent 
would help to discern circumpolar estimates for the species in this study.   
In addition to more samples, future studies should employ a greater number of 
both autosomal microsatellites (ideally more than 20 variable, unlinked microsatellites) 
and X-linked microsatellites, to reduce the variation around the mean estimates of θ.  As 
research into pinniped biology continues, generation times of phocids should be revisited 
and confirmed.  A better understanding of generation times may alter effective population 
size estimates.  All other factors remaining constant, decreasing generation times will 
increase effective population size estimates and vice versa.  Future research into Ross 
seal biology is important, and may help explain why Ross seal populations appear to have 
remained stable through the Pleistocene epoch, while the other two phocid seals in this 
study appear to have rapidly expanded during this time.  It is possible that behavioral 
traits specific to the Ross seal may explain this difference, perhaps the Ross seals 
propensity to use the open ocean to a greater extent, causing them to be less influenced 
by expanding ice habitat.  Food source may be another consideration, as invertebrates, the 
primary food source of Ross seals, may have been a factor limiting their expansion. 
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Appendix 1. Among species variability in the ZFX gene. Variable site position is relative to GenBank sequence (see text for accession 
numbers). 
 
 
 
  Variable Site  
 11222222233334444444444444555555556666666677777889 
 66155788902590000001133779466678890166668823688663 
 78419139766273456786705066201234537445670161706784 
Crabeater CAATGGTTTTGCTAATACCTGCCCGTATACAGCGGTTTAACACTGTTTAT 
Ross ..........................G.................C.CGG. 
Weddell .....CA..............T....G---..G...........C..... 
Elephant ....A....C.T.............CG.................CC.... 
Sealion AGGC...CC.A.G----TGCA.GTC.G...GA.AAC----TGTCC....C 
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Appendix 2. Among species variability in ZFY gene. Variable site position is relative to GenBank sequences (see text for accession 
numbers).  
 
 
  Variable Site  
 0000000011111122222222333333333444444555556666666666667777778 
 1246778915789901133367445556777467789266680001112244681144682 
 4269015346230940312751291231347711390778940890181412310169727 
Crabeater TGGGTCCAACTGCTGGGATTTATAATTAAGCCAGAATGCACAATGAAAATCGTTCTCCTGC 
Ross GCAA..T........A......CG..........T.....T.................... 
Weddell .T.A.........C.A......C...............T.T..----.T..A......... 
Elephant ...A....T......A......C....G...TT......GT......G........T.... 
Sealion ..A---.C.TCAG.AAA--CCCC.---.GTT..A.--A..TGG....G.AT.ACGC.TAAT 
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Appendix 3.  DBY8 Sequence Variable Sites.  
 
 
 
 
 SITE NUMBER
Haplotype 1 33 63 69
L. weddellii common G A T C 
L. weddellii alternate G A T G 
O. rossii A T T C 
L. carcinophagus common G T T C 
L. carcinophagus alternate G T C C 
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Appendix 4. UTY11 Sequence variable sites. 
 
 
 
 SITE NUMBER 
Haplotype 26 85 101 102 103 104 125 140 199 254 280 281 387 391 465
L. weddellii common C T T A C T T G G T — — A G T 
L. weddellii alternate C T T A C T T G G T — — A A T 
O. rossii T — T A C T T A A C A T G G C 
L. carcinophagus T T — — — — A A G T A T A G C 
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